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Abstract
Novel alkaline anion-exchange membranes (AAEMs) were successfully synthesised 
via radiation grafting of electron beamed films of poly (ethylene-co-tetrafiuoroethylene), 
EB-ETFE. The resultant membranes were characterised, compared with previously 
developed AAEMs and evaluated in H2/O 2 fuel cells.
Limited statistically rigorous prior research, into the synthesis of previously de­
veloped (standard) trimethylamine (TMA) quaternised membranes, prompted an 
empirical investigation into the effects that the numerous synthesis parameters (vari­
ables) had on the final properties of the resultant AAEMs. Importantly, it was shown 
that EB-ETFE can be cold stored for at least 16 months at -36 ±  2°C and still pro­
duce AAEMs exhibiting fuel cell relevant ion-exchange capacities of 1.0 -  1.8 mmol 
g“  ^ and ionic conductivities (through plane, fully hydrated) of 20 -  40 mS cm“  ^ at 
ambient temperature.
In addition, quaternary head-groups that are alternative to the previously studied 
benzyltrimethylammonium were evaluated. This required the development of a new 
titration method for the determination of the chemical composition of the AAEMs 
(quaternary ammonium and tertiary amine contents). The alternative synthesis 
was achieved by replacement of the TMA quaternisation agent with the diamine 
1,4-diazabicyclo[2 .2 .2]octane (DABCO). A 15 week investigation into the ex situ 
chemical stability of the novel AAEMs was conducted; stable ion-exchange capacities 
of 1.3 ±  0.3 mmol g“  ^were observed for both TMA and DABCO quaternised AAEMs 
when submerged at 60°C in water.
The TMA and DABCO quaternised AAEMs (of similar hydrated thickness) ex­
hibited hydrogen fuel cell performances of 120 mW cm“  ^with the use of a previously 
developed alkaline ionomer (designated SIONl). The use of a novel DABCO-based 
ionomer (SIONl. 1) yielded improved performances of 200 mW cm“  ^ and decreased
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the membrane electrode assembly (MEA) internal ohmic resistances. This demon­
strates the necessity of further alkaline ionomer optimisation and development.
Through a greater understanding the amine head-group chemistry, the mem­
brane synthesis process, and the ionomer interface, the economic outlay associated 
with AAEM synthesis may be reduced and the subsequent MEA performance and 
operational lifetime within a hydrogen fuel cell may be improved.
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Chapter 1
Introduction
1.1 General Energy Challenge
Since the ascension of electrical power in the 19th century, the generation of energy 
has resulted in increased production of pollutant waste gases such as; carbon diox­
ide (CO2), methane (CH4), nitrous oxide (N2O) and hydrofluorocarbons (HFCs) 
from the use of non-renewable fossil fuels. Intensified industrialisation has also 
increased two pollutants known as sulfur hexafluoride (SFg) and perfluorocarbons 
(PFCs) group gases. It has been estimated that emissions of these six pollutant 
gases has increased by 75% between 1970 and 2004 [85], leading to the international 
community agreeing the terms of the Kyoto protocol; the reduction of the six major 
greenhouse gases by 5.2% (averaged over the period of 2008 - 2012) [58, 25]. Al­
though no further agreements have been considered since, the Kyoto protocol made 
clear the concerns of two related challenges: the eventual depletion of hydrocarbon 
fuel resources aggravated by an ever-increasing demand for energy from both the de­
veloped and developing world sectors, and the apocalyptic prospect of global climate 
change associated with enormous volumes of fossil-derived CO2 emissions. [77]
The production of energy is attributed with 86% of the total global CO2 emissions
[86], therefore new energy production methods, that are both sustainable, renewable 
and C0 2 -free or carbon-neutral (i.e. systems that do not increase atmospheric CO2 
concentration) are increasingly essential.
1.1.1 Alternative Energy Production
Alternative energy production methods, concentrating mainly on the renewable pro­
duction of electricity, (the primary domestic energy type [52]) include: wind, wave 
and tides, solar (direct and indirect), hydroelectric, biomass and geothermal - all 
of which are reliant on natural forces and restricted by location [90]. Additionally, 
portable electrical sources such as batteries and capacitors are finding it difficult to 
keep up with the increasing energy requirements from ever more sophisticated mobile 
devices [69, 17].
Energy storage technologies such as batteries, capacitors [76] and redox fiow cells 
[136, 131] require long periods for recharging and have to rely on the nearest available 
electric source (grid), and have restricted range and speed of movement. Improved 
electrical power production and reduced (or no) recharge time can be achieved when 
utilising the electrochemical properties of fuel cells. The shorter refuel time of fuel 
cells was proved to be a huge commercial advantage (increasing productivity ca. 
20%) when used instead of batteries in a fleet of Walmart® forklift trucks [18]. 
Replacement of non-renewable fossil fuels with electro chemically active fuels may 
not be ideal unless the chosen fuel is renewable, such as hydrogen [57].
Hydrogen gas fuels can be produced via three possible renewable routes (however, 
non-renewable production systems are currently predominant):
1 . Indirectly using solar, wave or wind energy to produce electricity, which can 
then be used to perform electrolysis on water forming atomically pure hydrogen 
and oxygen.
2. Directly from water and solar energy via photolysis [82].
3. Algae, bacteria or their enzymes (hydrogenases) are used in light-driven biore­
actors to split water to obtain hydrogen [75].
The hydrogen production process via route 1 has gained increasing interest in Hawaii, 
where ca. 80% of energy used is imported from mainland USA [96]. However, process 
routes 2 & 3 are not yet commercially viable and require additional research and 
development.
The application of hydrogen gas in fuel cells to achieve a hydrogen economy allows 
minimal consumer adjustment from current energy technologies, such as the inter­
nal combustion engine, as the refueling process would be similar [36]. In addition, 
the potential of increased hydrogen fuel production can result in direct combustion 
producing energy which is CO2 emission free compared with current combustible 
fossil fuels. Fuel cell energy production is however greater in efficiencies than direct 
combustion [64, 100]. Fuel cells utilising hydrogen fuel are undesirably dependent on 
scarce non-renewable materials such as platinum (Ft) and noble-group metal (NGM) 
catalysts. These expensive and rare catalysts are required to achieve the optimum 
performance of the electrochemical energy conversion reactions [70, 95]. Durability 
of the NGMs within the catalyst layer (CL) in fuel cells can result in degradation 
and sintering, [140] causing loss of performance over operational life-times. The same 
can be said for current lithium-based battery technologies, where maximum charge 
loss is observed during long term operations. Similarly with NGM catalysts, lithium 
is also unsustainable [83], as mineral depletion coupled with the increased demand 
from the growing economies of China and other developing countries [133] is increas­
ing scarcity and cost. Removal of any dependence on non-renewable materials in the 
production of renewable or portable energy is essential in the development of fuel 
cell technology.
1.2 Fuel Cell (FC) Fundamentals
In essence, fuel cells are the electrochemical combination of chemical fuels (mainly 
hydrogen with oxygen/air) for the direct production of electricity, heat, and water. 
The non-combustion, electrochemical process is a direct fuel-to-energy conversion, 
and is more efficient [64, 100] than conventional heat engine approaches. The added 
benefits are reduced CO2 and NOx emissions and prevention of particulate pollu­
tants [100]. Fuel cells incorporate an electrolyte sandwiched between an anode and 
cathode (Fig. 1.2), which allows the transport of ions while restricting electron 
movement.
1.2.1 Fuel Cell Types
The choice of electrolyte and functional design determines the fuel cell type, opera­
tional conditions and consequent performance. Four main types of fuel cell are:
4* S o l i d  o x i d e  f u e l  c e l l s  (SOFC) use a dense, non-porous ceramic com­
pound (most popular of which is yttria-stabilised zirconia, YSZ [100]) as the 
electrolyte conducting mobile oxide (0^“ ) ions. SOFCs are mainly suitable 
for large-scale (industrial) stationary applications due to significant time re­
quired to reach operational temperatures of 600 - 1000°C [112, 141]. Such high 
cell temperatures require significant thermal insulation and expensive high- 
temperature materials [118]. However, this high operating temperature allows 
for internal reforming, rapid electrocatalysis with non-precious metals at high 
efficiencies of up to 50 - 70% with the possibility of an additional 20% efficiency 
increase from heat recovery (co-generation).
4* A l k a l i n e  f u e l  c e l l s  (AFC) long used b y  National Aeronautics and Space 
Administration (NASA) on space missions, can achieve power generating effi-
ciencies similar to SOFCs of ca. 70%. Apollo and space shuttle missions used 
them to provide both electricity and drinking water. Current uses include other 
modes of transportation such as fleet vehicles and boats in Europe [56]. AFCs 
use aqueous potassium hydroxide (KOH) electrolyte, facilitating the mobil­
ity of hydroxide ions (OH") from the cathode to the anode. Compared with 
SOFCs, AFCs can operate at low temperatures of between 70 - 250°C [100]. 
However, the KOH electrolyte is very susceptible to carbon dioxide contam­
ination creating potassium carbonate precipitates (Eq. 1.1) and leading to 
performance degradation. Therefore, ultra pure hydrogen and oxygen, or prior 
CO2 scrubbing of air (at cathode) is required to increase operational life-times 
[64].
2K0H 4-CO2 —^ K2CO3 -f- H2O (1 .1)
•h P o l y m e r  e l e c t r o l y t e  f u e l  c e l l s  (PEFC) utilise a solid polymer elec­
trolyte containing exchange sites promoting ion transport between two porous 
electrodes. The most common PEFC is the proton-exchange membrane fuel 
cell (PEMFC), conducting protons (H+), usually through a perfluorinated sul­
fonic acid polymer membrane (e.g. Naflon®, from DuPont, USA) from the 
anode to cathode while being insulating towards electrons (Fig. 1.2). [56, 109].
— Standard PEMFCs operate at 80°C or lower as the polymer electrolyte 
membrane must remain hydrated to maintain adequate conductivity. PEM­
FCs have the highest power density of all fuel cell classes [100], can vary 
their output swiftly to meet power demands, and are suited for quick-start 
applications, such as in motor vehicles.
-  High temperature proton-exchange membrane fuel cells (HT-PEMFCs) 
although similar to standard PEMFCs operate at 120 - 200°C. The po-
tential dehydration effects due to these temperatures, results in the ap­
plication of polymers doped with proton conductive compounds, such as 
phosphoric acid doped polybenzimidazole (PBI). Typical applications for 
HT-PEMFCs include stationary and mobile applications, such as range 
extenders for battery-based electric vehicles [66].
4* D i r e c t  l i q u i d  f u e l  c e l l s  (DLFCs), such as direct methanol and direct 
borohydride fuel cells (DMFC and DBFCs, respectively) operate at low tem­
peratures (30 - 120°C). The primary DLFC of interest; the DMFC can be 
used with either a proton-exchange membrane (PEM) or in AFCs, however 
the carbon dioxide product can lead to problems (carbonation) in the alkaline 
version [43]. Therefore, PEM-based DMFCs are more commonly researched 
for the portable power applications despite suffering from methanol crossover, 
which lead to reduced performance. To alleviate fuel crossover PEMs have 
been synthesised with crosslinks to control the membrane permeability [26].
Liquid electrolyte fuel cells have lost popularity compared with solid-state proton- 
exchange membrane systems due to the unique features of the membrane elec­
trode assembly (MEA): ease of handling, compactness (entire MEA < 1 mm thick), 
amenable to mass production, and excellent resistance to the permeation of gaseous 
reactants (fuel crossover) [100].
Low temperature (< 200°C) PEFCs have been considered as the prominent alter­
native for mobile energy generation due to size, weight, cost and performance. The 
vast majority of research into solid-state polymer electrolyte membrane fuel cells has 
focused on low temperature PEMFCs.
1.2.2 Electrochemical Processes of a Fuel Cell
The standard electrochemical technique for the majority of fuel cell test results are 
displayed as polarisation curves, such as the one shown in Fig. 1.1 [132]. Most 
of the key performance related characteristics of the fuel cell (under set operating 
conditions) are influenced by changes in the current density.
1.4
T heoretical V oltage (1 .23  V)
1.2
—  Activation Losses
1.0>
P
>  0.6
C oncentration Losses 
. (M ass Tran sp o rt)0.4
0.2
0 200 400 600 800 1000
Current D ensity  (mA cm'^)
Figure 1.1: A typical polarisation plot of a H2/O 2 fuel cell
The polarisation curve can be used to obtain information on the performance 
losses during cell operation which are shown as three clear regions in Fig. 1.1. At 
low current densities the cell voltage drops sharply, this is known as the region of 
activation loss due to slow electrokinetics of the reactions occurring on the surface of 
the electrodes. The ohmic losses at intermediate current densities are attributed to 
the ionic flow resistance in the electrolyte membrane and electronic resistance to the 
flow of electrons through the electrode. The cell voltage decreases almost linearly 
with current density, relating to the proportionality of Ohm’s law (V =  IR). At high 
current densities the cell voltage losses are due to mass transport effects limiting the 
diffusion of reactant gases reaching the electrocatalyst layers. This loss can also be
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attributed to the electro-generation of liquid water restricting (reducing) access.
The theoretical voltage (no loss) of a fuel cell is the difference in voltage between 
the anode and the cathode when no load is placed across the terminals (open cir­
cuit voltage, OCV). However, the theoretical OCV is never achieved due the three 
irreversible voltage losses described above.
1.2.3 Proton Exchange Membrane Fuel Cells (PEMFCs)
The key constituent of a PEMFC is the solid-state PEM polymer electrolyte, which 
allows the migration of protons from the anode to the cathode (Fig. 1.2).
Current Collectors
Catalyst
2H.
2 H f i
Figure 1.2 : Schematic of a simple PEMFC.
Hydrogen is catalytically oxidised at the anode by NGM-based active sites pro­
ducing protons (Eq. 1.2), which then permeate from the anode to the cathode where 
they react with oxygen and electrons to produce water and heat (Eq. 1.3) [7j. The 
hydrogen oxidation reaction (HOR) at the anode, the oxidation reduction reaction 
(ORR) at the cathode and the overall reactions, are shown below, respectively:
27^ 2 ^  4 i7+ +  4e“ (1.2)
O2 +  4e" +  4i7+ -4  2 H 2O (1.3)
2 H2 +  O2 2 H 2O (1.4)
The migration of H+ is controlled by the ionic groups anchored to the membrane 
matrix. PEMs (or more generally cation-exchange membranes) contain negatively 
charged groups (such as sulfonate (-SO3 ), carboxylic ( -C 0 0 “ ), phosphoric (-POg"), 
phosphonic (-POgH") and benzoic (-CgH^O") groups) fixed to the membrane back­
bone, hence facilitating cation movement while inhibiting anion transfer [94].
1.2 .3 .1  Commercial Proton Exchange M embrane (PEM ) - Nation®
In the 1970s, DuPont developed a perfiuorosulfonic acid (-SO3 H+) polymer mem­
brane, Nation® (Fig. 1.2) for the chloralkali industry, which soon became the PEM 
for the majority of PEMFCs [94, 72].
I CSO3HC"
CR
Nafion® 117
Figure 1.3: The structure of the perfiuorosulfonic acid polymer membrane Nafion® 
117 - m >  1, n =  2, X =  5 - 13.5, y =  1000.
The perfiuorosulfonic acid structure of Nafion® [98] balances the properties of the 
hydrophobic (structurally strong) tetrafiuoroethylene back-bone with the hydrophilic 
sulfonic acid groups (-SO3 H+) creating water containing domains [61, 60]. The water 
content within the membrane matrix promotes the dissociation of mobile protons 
from the sulfonic acid groups yielding proton conductivity. However, dehydration
of the electrolyte membrane can reduce performance of PEMFCs. Hydration is 
achieved by humidifying the anode and cathode reactant gas streams (H2 and O2 (or 
air), respectively).
1.2.3.2 D isadvantages o f PEM FC s
PEMFCs have expensive components; graphite or sophisticated coated-metal bipolar 
plates, NGM-based catalysts (about 30 -  50% of the total PEMFC cost [130]), and 
the Nafion® or analogous polyelectrolyte. Unfortunately, replacing these key parts 
with cheaper alternative materials has proven difficult. Large-scale manufacture can 
lower the cost of both the polyelectrolyte and bipolar plates [117]; however, the 
low pH nature of Nahon® precludes the use of cheaper (untreated) metallic bipolar 
plates or the use of non-NGM catalysts [50].
In every MEA fabrication method, ionomers (dispersible polymer electrolytes) 
are required in the catalyst layer (GL) to act as:
1. an ion conducting component, expanding the electro chemically active area of 
the catalyst into the bulk CL; and enhancing the concentration of the three 
phase boundary (TPB) sites (when electronic, ionic and gas supply phases 
meet which are essential for allowing electrochemical reactions to occur)
2 . a binding material, to impart mechanical stability and gain greater contact 
between CL and electrolyte
3. a hydrophilic agent, to retain moisture and prevent electrolyte dehydration 
(however, this can lead to electrode flooding) [55]
Naflon® is the most commonly encountered type of commercially available mem­
brane for PEMFC technologies that has a speciflcally designed counterpart (chemi­
cally compatible) ionomer (Naflon® dispersions), leading to enhanced fuel cell perfor­
mances. However, it has been reported that degradation of NGM catalysts, ionomers
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and the interfaces between them within the CL can cause catalyst agglomeration, 
damage (poisoning) and undesirable redistribution of catalyst and ionomer, all can 
result in the loss of performance, reduced electronic and ionic contact and depletion 
of electro-active sites [140]. Additionally, Nafion® is one of the most expensive indi­
vidual components of a complete fuel cell system (20 x 25 cm Naflon® 117 costs ca. 
£293), has a low temperature limit (< 80°C) and high humidiflcation requirements 
[81].
Despite these problems, when hydrated Naflon® membranes are considered to 
have reasonable durability [35], chemical stability [111] and very high ionic conduc­
tivity (increasing rates of reaction and diffusion), all helping to yield enhanced fuel 
cell performances.
1.2.3.3 A lternative FC Types as Solution to  the Problem s w ith  PEM FC s
Some solutions have been found when adopting HT-PEMFCs, as the kinetics and 
water management properties are improved at higher temperatures [137], however 
the cost of NCM catalyst remains an issue that has prompted research into fuel cell 
systems that do not require NCM catalysts (such as AFCs).
1.2.4 Alkaline Anion-Exchange Membranes (AAEMs)
The number of issues associated with PEMFCs can be alleviated with the use of 
an AFC. The cheaper aqueous KOH liquid electrolyte reduces the overall fuel cell 
cost, helps regulate fuel cell temperatures, and allows the use of non-NCM catalysts 
due to the high pH of the system [16, 39]. Additionally, the catalyst electrokinetics 
(for both the HOR and ORR) are improved in alkaline media [73, 34], as opposed 
to the acidic conditions of the PEMFC where the stability of non-NCM catalysts is 
reduced. However, there are concerns associated with carbon dioxide contamination
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(within air) [115, 33], leading to performance losses on the formation of less; ionically 
conductive and basic, bicarbonate (HCO3 ) carbonate (COg^) anions (Eq. 1.5 
and Eq. 1.6, respectively) [32]:
+  (1.5)
jyiCCtr d- O ff- ;=± (70^- -b ffgO (1.6)
Replacement of the KOH(aq) electrolyte with a solid polymer alkaline anion- 
exchange membrane (AAEM) in AFCs, retains the electro catalytic advantages whilst 
potentially increasing the tolerance towards CO2 contamination and with the added 
benefit of being a completely solid-state fuel cell, removing the problem of KOH 
seepage (common in AFCs) [51, 6] (see Section 1.2.4.2). The adoption of AAEMs 
also means that thin (low electronic resistance) and easily stamped (cheap) metal 
monopolar/bipolar plates can be used due to reduced corrosion-derived problems at 
high pH [122]. Despite these advantages, there are currently few available alkaline- 
type ionomers (unlike Nahon® ionomers) for improving the interfaces between the 
catalysts and the AAEM electrolyte membrane [12, 134].
The overall electrochemical reactions of an AAEM fuel cell (AAEMFC) when 
using hydrogen fuel are similar to that of a PEMFC (Fig. 1.2); however, the half cell 
reactions differ as the migrating species is a hydroxide anion (OH') in this case. Ad­
ditionally, the permeated hydroxide anion takes part in the electrochemical oxidation
of hydrogen at the anode (Fig. 1.4 and Eq. 1.7, 1.8 & 1.9).
2 H 2 +  4 0 f f -  AH2O + 4e“ (1.7)
O2 +  2 H2O -b 4e- ^  4 0 f f -  (1.8)
2 H2 +  O2 —>■ 2 H 2O (1.9)
However, a major difference in an AAEMFC is that water becomes a reactant
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Figure 1.4: Schematic of AAEMFC.
at the cathode (Eq. 1.8), resulting in different water management issues for the fuel 
cell, reducing potential flooding of the cathode (common in PEMECs) which can 
restrict access to the reaction sites of the gaseous reactants.
These reactions rely on the conduction of hydroxide anions from the cathode to 
anode where reduction and oxidation of O2 and H2 occurs, respectively. To increase 
AAEMFC performances (for viable commercial application) the rate of hydroxide 
transport is influenced predominately by the ion selective structure and chemistry 
of the AAEM. Studies into the mechanism of OH" transport are not as abundant 
as that for proton transport. Proton transport properties of water can give an indi­
cation of what might be expected for hydroxide anion transport in water (Fig. 1.5). 
Water movement and management (related to membrane hydration) accompanies 
proton/hydroxide flux and is characterised as electro-osmotic drag [101]. Electro- 
osmotic drag accompanies migration where the ion flows in the presence of an electric 
held, convection is where a mechanical perturbation (stirrer etc.) alters ion transport 
and diffusion is altered by the concentration gradient.
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( 1 . 1 0 )
where J  diffusion flux (mol m  ^ s ^), Z) is the diffusion coefficient or diffusivity 
(m^ s“^), 0 is the concentration (mol m“ )^ and x is the position (length) (Eq. 1.10).
Transport can also occur via the vehicle mechanism where the hydronium ions 
(HsO^ in the case of proton transport) move from high to low concentration regions 
of the membrane. This process is however dependent on the water content and 
temperature of the membrane and can also be retarded by the formation of hydrogen 
bonds (restricting flow) [62, 49j.
Vehicle Mechanism
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Figure 1.5: Potential hydroxide ion transport mechanisms in AAEMs.
The Grotthuss mechanism (Fig. 1.6) is assumed to be responsible for the major­
ity of hydroxide anion transport (similar for proton transport) [28]. The conduction
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of the hydrated hydroxide anions requires hyper-coordinated water molecules that 
facilitate electron donation via hydrogen bond rearrangements, re-orientations and 
hydrogen ion transfer, accompanied with the formation of fully tetrahedrally coordi­
nated water molecules [119]. Simply, the hydroxide ion migrates through the AAEM 
along a chain of water molecules through continuous hydrogen bond formations and 
cleavages (Fig. 1.6).
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Figure 1.6: Schematic of the Grotthuss Mechanism for hydroxide ion transport.
Surface site hopping of hydroxide anions (Fig. 1.5) occurs on the permanent 
cationic head-groups (positively charged) present within the membrane matrix (shown 
in Fig. 1.9). This transport is secondary as the water present within the membrane 
acts as a permanent dipole that interacts with the fixed (cationic) groups of the 
membrane. However, strong coordination of water molecules with cationic groups 
can lead to interferences with anion species interactions. Therefore the choice of 
cationic head-group is important, as water management can determine the AAEM 
transport properties (and consequently the ionic conduction).
Water management also plays an important role when considering the morphol­
ogy of the membrane. However when considering the ionic conduction, the general
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morphology of the membrane structure must be considered. The morphology of 
Nafion has long been investigated so as to allow greater control over the membrane 
properties. The Cluster-Channel model (Fig. 1.8) shows 40 Â (4 nm) clusters sur­
rounded with exchange sites encasing water like a reservoir adjacent to 10 Â (1 nm) 
channels allowing conduction to the neighboring cluster [72, 40]. The properties of 
the cluster are related to the membrane equivalent weight (EW), which is the mass 
of the polymer/mole of SO3 [108, 24]. The EW of Xafion is flexible between 900 
and 1400, however the majority of research is conducted on Nafion with the EW of 
1100.
5 .0  n m
SO3 so. so, so/lO y
so.
4 . 0  n m 1 .0  n m
SO:so,.
so, so,sp_ so,
Figure 1.7: The morphology model of Nafion membrane
Radiation grafted polymer membrane (Section 1.2.4.3) morphology (Fig. 1.8) 
varies due to increased space between the sulfonic acid clusters, (creating the ion 
channels) which are not as structurally defined as in the Nafion model due to the 
random direction of the grafting chain. Additionally the grafting will only proceed 
within the amorphous region of the base polymer, resulting in a block co-polymer 
with functional groups scattered by regions of crystalline polymer [4 , 37].
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Figure 1.8: The morphology model of radiation grafted proton-exchange membrane
1.2.4 .1 A A EM s Functional Head-groups and Chem ical Degradation
Among the different species that could be used as fixed cationic head-groups in 
AAEMs, quaternary ammonium (QA) groups [139, 87, 71] in general possess a higher 
thermal and chemical stability [113] than phosphonium [29] or sulfonium groups 
[23, 121], illustrated in Fig. 1.9, respectively.
OH OH
R'
?i> 0
OH
Ammonium Phosphonium Sulfonium
Figure 1.9: Typical fixed cationic (anion-exchange) head-groups.
Unfortunately, the structure of the anion-exchange group, in relation to its neigh-
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bouring alkyl molecules (R in Fig. 1.9), can result in possible degradation. Com­
monly the QA-type cationic head-groups are considered stable at < 75°C in aqueous 
sodium hydroxide (NaOH, 6 mol dm“ )^ [103], however they can degrade via the 
following reactions at elevated temperatures.
N(CHo)2H N(CH3)2
-f- HOH
Figure 1.10: Deprotonation of a QA.
A simple deprotonation of the QA cationic head-groups that are not fully alky­
lated (N-H groups present) can occur due to the attack by the strong hydroxide 
nucleophile resulting in a tertiary amine (loss of ion-exchange capacity, lEC) and 
water (Fig. 1.10) [110].
OH H" +  N(CH3)3 -f-Hp-
Figure 1.11: Hofmann Elimination reaction of a QA group with a p-hydrogen.
If the alkyl (R) groups consist of long carbon chains, E2 Hofmann Elimination 
(Fig. 1.11) can occur where the incoming hydroxide anion acts as a base, rather than 
a nucleophile, and abstracts a proton (deprotonation of a p-hydrogen) resulting in 
the formation of an alkene, tertiary amine (good leaving group) and water [110, 74].
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Figure 1.12: Nucleophilic substitution of QA.
Nucleophilic substitution reactions (Sn2) can occur when the hydroxide anion 
directly attacks a carbon attached to the N of the QA (Fig. 1.12). The exact 
products are dependent on which carbon was attacked. If the (bridging, Fig. 1.9 R ’) 
carbon connecting the ammonium group to the polymer backbone is attacked, this 
results in an alcohol group on the polymer backbone and a trimethylamine (TMA) 
leaving group (Fig. 1.12, reaction A). If the non-bridging carbons are attacked, this 
results in tertiary amine on polymer backbone (loss of lEC) and a methanol leaving 
group (Fig. 1.12, reaction B).
Chempath et al. [13, 14] discovered using a Density Functional Theory simula­
tions and deuterium exchange experiments that additional degradation of a benzyl 
trimethylammonium group can occur via a deprotonation mechanism of either the 
bridging carbon (between benzyl ring and the ammonium group, in this case) or a 
carbon attached to the cationic ammonium group (both mechanisms are more rapid 
with low hydration). Deprotonation results in the formation of a ylide intermedi­
ate causing a Stevens rearrangement reaction (Fig. 1.13). The deprotonation is 
supported by electron-withdrawing groups; if these groups are large the reaction is 
easier. The Stevens rearrangement reaction (particularly Fig. 1.13, reaction B) is 
constantly in competition with the Sommelet-Hauser rearrangement reaction (Fig.
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1.14) with benzyl trimethylammonium groups, which results in a similar alkyl shift 
from a nitrogen to a carbon and the formation of a tertiary amine. The Stevens 
rearrangement reaction is favoured at high temperature, while the Sommelet-Hauser 
rearrangement favours low temperatures [27].
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Figure 1.13: Stevens rearrangement reactions of a benzyl trimethylammonium (El), 
A =  the deprotonation of bridging carbon and B =  the deprotonation of a carbon 
attached to the ammonium group.
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Figure 1.14: Sommelet-Hauser rearrangement reaction of a benzyl trimethylammo­
nium.
The degradation of Nafion membrane is less to do with the functional head-group 
chemistry and more related to the production of hydrogen peroxide (HOOH) and 
radicals during fuel cell applications [97]. The platinum catalyst is believed to result 
in the formation of Fenton-type reagents with HOOH [128, 114].
1 .2 .4 .2  Desired A A EM  Properties
The majority of fuel cell performance is determined by the properties of the core 
components within the MEA; the AAEM. The primary requirements of the AAEM 
for use in AAEMFCs are:
•F High ionic conductivity; (Nafion 117, 100% relative humidity is 0.070 S cm“  ^
at 25^0 [108])
4* Mechanical, thermal and chemical stability during both membrane synthesis 
and fuel cell operation;
4* Low cost (more commercially appealing);
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4* Electron barrier properties (high electronic resistance);
4* Thin, to reduce resistance, but not too thin as can result in mechanical breakage 
[10] and undesirable gas crossover;
4* Promotion of selective hydroxyl anion transport;
However, the selective transport of hydroxide anions can potentially become hindered 
by carbonate production during fuel cell operation (as has been observed in AFCs). 
Some studies have concluded that AAEM fuel cells are tolerant to this carbonate for­
mation actually increasing the overall performance slightly, when either; the AAEM 
was carbonated previous to fuel cell testing [1] or the reactant gases are altered to 
contain CO2 and O2 during fuel cell testing [63, 120]. This phenomenon has gained 
attention as a potential alternative type of fuel cell that will use CO2 (and O2, air) 
as one of the reactants, in low temperature carbonate fuel cells. The advantage of 
this system is the CO2 reactant can be obtained free from the atmosphere with the 
added benefit of the removing this green-house gas (resulting in a form of carbon 
capture). Additionally the AAEM stability is improved under carbonate conditions 
due to the lower pH, however the conductivity of the carbonate species is slower due 
to ionic radius [142].
This low temperature technology requires further research for CO2 selective cat­
alysts, so development is still within the early phases [126].
As with all current fuel cell technologies, cost is the determining factor for the 
potential future commercialisation, however, most research aims to improve synthetic 
and performance related AAEM properties. A greater understanding of AAEM 
properties and their effects on fuel cell operation allows improvements to be achieved.
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1.2.4.3 Radiation-grafted M embrane Synthesis
Radiation grafting (RG) offers the versatility of creating a tailor-made and cost- 
effective material for use in a range of applications. The process involves the exposure 
of a pre-formed polymeric base film (typically a hydrophobic fluorinated or partially 
ffuorinated polymer [15]) to either gamma or electron beam (EB) radiation; this 
breaks some of the bonds within the film to form radicals or peroxy species. The 
radicals within the film react with a solution containing monomers amenable to 
radical polymerisation, such as aromatic vinylbenzyl-chloride (VBC) monomer, to 
form a graft copolymer [102].
There are two main types of grafting technique;
1. S i m u l t a n e o u s  g r a f t i n g  - irradiation of the polymeric backbone material 
and monomer solution occurs simultaneously in a reaction vessel;
2. P r e - i r r a d i a t i o n  g r a f t i n g  - irradiation of the polymeric backbone material 
is performed first and then stored until required for the grafting reaction.
The simultaneous grafting method removes potential radical decay with storage time 
for the irradiated polymeric backbone material. However, the grafting monomer is 
also subjected to irradiation, increasing the possibility of formation of undesirable 
homopolymer (e.g. poly(vinylbenzyl chloride), poly (VBC)) [42].
The pre-irradiation method allows the creation of protected hydroperoxide groups, 
reducing crosslinking and the formation of unsaturated chains within the polymeric 
backbone material. For example, if poly (ethylene-co-tetraffuoroethylene) (ETFE) 
were to be subjected to EB in a oxygen rich environment (air), then hydroperoxide 
groups (ROO#) are formed (Fig. 1.16 D). However, the presence of oxygen reduces 
the occurrence of radical reactions (A-C in Fig. 1.16), which are more prominent 
if ETFE is irradiated under inert atmosphere (N2 or vacuum) [80, 79]. The pre­
irradiation method necessitates cold storage until required for grafting (useful when
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radiation source is off site), however this can result in radical/ peroxide decompo­
sition. The effect of long-term cold storage has not yet been vigorously evaluated, 
however prior research has shown the decay of radicals occurs rapidly during the 
first few h after irradiation (when stored at -196°C), but then plateaus thereafter; 
appearing stable [65].
Initial research by Varcoe et al. into using partially fluorinated poly(vinylidene 
fluoride) (PVDF) as the polymer backbone material for RG-AAEMs (chemically 
similar to ETFE) showed increased degradation at high pH [22, 21]. The presence of 
hydroxide ions caused dehydrofluorination, inducing internal carbon—carbon double 
bonds (Fig. 1.15) and further leading to chain scission [99]. This almost instanta­
neous degradation can lead to the formation of hydroxyl and carbonyl groups [11], 
resulting in darkening of the membrane and reduced mechanical properties [99].
H H
HO0 +
F
- H P
F
Figure 1.15: Dehydrofluorination of PVDF in alkaline media.
The use of fluorinated ethylene propylene (FEP also known as poly(tetrafluoroethylene 
- C O -  hexafluoropropylene) film as a potential backbone material for the fabrication 
of AAEMs has also been investigated [38, 107]. However, increasing doses of EB and 
7  — ray irradiation, causing undesirable C—C (backbone) bond fission reducing the 
physical strength of the resulting membranes [106, 15].
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Figure 1.16: EB irradiation induced reactions of ETFE films.
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Scherer et al. compared the performances of membranes prepared from polystyrene 
sulfonic acid (PSSA) grafted onto ETFE, PVDF, and FEP base films and found that 
ETFE exhibited better mechanical properties; this was attributed to: (i) the higher 
molecular weight of ETFE; (ii) improved compatibility of ETFE with the graft com­
ponent (PSSA), and (iii) the lowered extent of radiation—induced chain scission with 
ETFE [9, 8].
A comparison of grafting monomers to various polymeric substrates, and the 
performance of the resulting graft copolymers, has been examined by a number of 
groups [41, 42]. Nasef et al. determined that the chemical, thermal, structural and 
mechanical properties of ETFE are sensitive towards EB irradiation doses above 10 
MRad [78], relative to other fluorinated polymers [15]. However, adequate degree of 
grafting (d.o.g.) levels can be achieved with total doses below 10 MRad. Varcoe et 
al. at the University of Surrey irradiated ETFE (thickness, 50 fim) with EB doses 
of 7 MRad, grafted with VBC monomer and then later aminated with TMA (Fig. 
1.17), resulting in high performance RG-AAEMs [123, 125], with the calculated EW 
of ca. 830 (EW =  1000/IEC) [72, 47]. These ETFE-based RG-AAEMs with m. 
80//m (hydrated thickness) showed stable lEC for up to 5 weeks when submerged 
in aqueous KOH (1 mol dm“ )^ at 80°G. However, when submerged in deionised 
(DI) water at 100°C the lEC of the AAEM degraded within one week. The ETFE- 
based RG-AAEMs yielded ex situ ionic conductivities of 0.030 S cm~^ at 30°G [123], 
which increased to 0.060 S cm“  ^ at 60°G. A thinner (ca. 20 jam hydrated thickness) 
ETFE-based RG-AAEM exhibited a maximum power density of 230 mW cm“  ^ (50°C, 
electrodes: 0.5 mg cm“  ^ P t/G , SIONl alkaline ionomer - Fig. 1.18) in a H2/O 2 fuel 
cell [95].
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Figure 1.17: The structure of ETFE-based RG-AAEM.
Correlations between the d.o.g., lEC and equilibrium water content were shown 
to be independent of the chemical nature of the starting fluorinated polymer [42]. 
Therefore, the performance of the RG-AAEMs must be a primarily due the struc­
ture of the graft monomer, the nature of the QA (anion-exchange) head-group and 
the performance of the alkaline ionomer. Gonsequently, research into QA group 
chemistry (active anion-exchange sites) and the corresponding chemically compati­
ble alkaline ionomers must be conducted to improve overall AAEMFC performance.
1 .2 .4.4 D evelopm ents in AAEM FC Ionom ers
To develop high performance electrodes for fuel cells, the effective electrochemically 
active catalyst surface area has to be increased via optimisations of the TPB. The 
ionomer plays a key role by increasing the TPB while providing additional mechanical 
stability to the MEA [53].
PEMFCs already have a well developed and high performance commercial Naflon® 
ionomer polymer dispersion, with similar EW (1100) and chemistry to Naflon® PEM 
electrolyte. The control of the content and EW of an ionomer within the CL is im­
portant as can improve the management of water and proton transport at the TPB 
[93, 48, 24]. There are few commercially available high performance ionomers for 
AAEMFCs. Hence, in early studies of alkaline direct methanol fuel cells (ADMFCs), 
non-ideal strategies were implemented to improve the TPB: poly(tetrafluoroethylene)
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(PTFE) and Nafion® dispersions were used as a CL binder [127] and aqueous A,lkAli 
solutions were flowed through the anode in addition to the reactant fuel [3], offsetting 
the advantages of AAEMFC over conventional AFCs. PTFE and Naflon® provided 
good adhesion to the AAEM, however the fuel cell performances were poor due to 
the non-hydroxide conductivity of PTFE and (cation-conducting) Naflon® [135, 19].
Tokuyama Co. (Japan) recently reported two types of soluble QA hydroxide 
containing ionomers (A3Ver2, a calculated EW of 1400, soluble in tetrahydrofuran 
or n-propanol, and AS-4, soluble in n-propanol); [134, 84] however, as a result of 
their low hydroxide conductivity, their incorporation into CLs led to only moderate 
improvements in AAEMFC (and ADMFC [12]) performance [29]. Liang et al. [68] 
found that the compact film-like structure of the Tokuyama ionomer formed in the 
CL decreased the effective surface area and blocked mass transport.
Kohl et al. developed a solubilised polysufone (PSF) -based ionomer containing 
chloromethylated groups later functionalised to form QA groups. The ionomer was 
sonicated as part of the catalyst ink with a solvent mixture of dimethylformamide 
(DMF) and water, painted on Tor ay carbon paper (TGPH-090) and dried at room 
temperature [142, 54]. However, swelling of the PSF-based ionomer during opera­
tion resulted in blocking of the reactants from the TPB while also decreasing the 
mechanical stability of the MEA [53].
A similar PSF-based ionomer, developed by Gu et al. [29], utilised quaternary 
phosphonium hydroxide functional groups. The strong basicity of tertiary phosphines 
suggests that quaternary phosphonium hydroxides are strong bases. The resulting 
ionomer was insoluble in pure water (80°G) however it exhibited excellent solubility 
in both pure and aqueous mixtures (50 wt% in water) of methanol, ethanol, and 
Tî-propanol (allowing use in CL without loss during operation). Furthermore, the 
quaternary phosphonium-based ionomer displayed high hydroxide conductivity (27 
mS cm“^), compared with the QA hydroxide ionomers; A3Ver2 (2.6 mS cm"^ [134]),
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AS-4 (13 mS cm“  ^ [134]), and the QA PSF-methylene ionomer aminated using mix­
tures of TMA and A, A, A', A^-tetramethyl-1,6-hexanediamine (TMHDA) («11 mS 
cm“  ^ ) developed by Park et al. [92].
Varcoe et al. reported an insoluble electrochemical interface of poly(VBC) func­
tionalised with di-quaternised (crosslinked) TMHDA within the CL (termed SIONl, 
Fig. 1.18), greatly enhancing H2/O 2 AAEMFC peak power density from 1.6 (without 
ionomer) to 55 mW cm“  ^ (50°C, electrodes: 0.5 mg cm“  ^ P t/C , 20 wt%) [123, 124]. 
Although the TMHDA provides chemical crosslinks (increasing mechanical stabil­
ity), hydroxide conductivity and chemical stability are of concern (due to presence 
of p-hydrogens). Additionally, TMHDA is not structurally/ chemically similar to the 
TMA within the poly(vinylbenzyl trimethylammonium) (PVB-TMA) QA group of 
the RG-AAEM. However, poly (VBC) quaternised with TMA is soluble in water, 
therefore unviable as a potential ionomer solution.
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Figure 1.18: Poly (VBC) di-quaternised with TMHDA forming an AAEMFC alkaline 
ionomer electrochemical interface (SIONl).
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1 .2 .4.5 A lternative Am ine Head-group Chem istry
The ETFE-based RG-AAEMs previously developed at Surrey (shown in Fig. 1.17) 
utilised the most common and relatively stable benzyl trimethylammonium func­
tional anion-exchange head-group [116]. Although the grafting of VBC improves 
the stability between the ETFE base film and the anion-exchange group (QA), the 
choice of an appropriate tetraalkyl ammonium group (Fig. 1.19) is pivotal to max­
imise AAEM stability and performance. Membranes functionalised using monoamine 
(R =  methyl) groups exhibit higher chemical stability than membranes containing 
monoamines with long chain alkyl groups (R =  ethyl, propyl or butyl) [103].
Mono-amine Di-amine
R R R
N . \ ^ N
n
Figure 1.19: The general structures of mono- and di- tertiary amines.
Other functional head-group amines have been investigated for use in AAEMs. 
Pyridine derivatives were studied due to previous development of ionomers containing 
pyridinium exchange sites. However, polymerisation of 4-vinylpyridine [44] (Fig. 1.20 
A) or the direct reaction of pyridine with chloromethylated groups [104, 67] (Fig. 
1.20 B), resulted in AAEMs with poor stability in alkaline medium.
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Figure 1.20: Alternative amine head-groups.
AAEMs containing imidazolium exchange sites were also investigated (Fig. 1.20 
C) and exhibiting improved thermal and chemical stability compared to tetraalkyl 
ammonium functionalised membranes [30]. More recently, AAEMs functionalised 
with guanidinium (Fig. 1.20 D) [138] observed higher ionic conductivity due to 
higher basicity, hydrophilicity and improved thermal stability compared to QA- 
bearing AAEM equivalents. However, in the synthesis of tetraalkyl ammonium mem­
branes, TMA is still the preferred quaternising agent particularly for the amination 
of chloromethylated benzyl groups [45, 123].
Park et al. investigated membranes aminated with a mixture of TMA and 
TMHDA diamine, achieving a compromise between increased thermal stability from 
the di-QA chemical crosslink of the diamine and high ionic conductivity associated 
with the TMA-based QA groups [92, 91]. Within this study AAEMs functionalised 
solely by quaternising with diamines of increasing alkyl chain length, n (Fig. 1.19), 
were compared with AAEMs functionalised using mono-/di- aminating mixtures. 
The resultant diamine-only AAEMs exhibited lower water uptake (hydration) and 
hydroxide ion conductivity then mixed aminated AAEMs.
PSF-based AAEMs exclusively quaternised with various aliphatic diamines were
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previously investigated by Komkova et al. [59] to determine the effect of the diamine 
content and structure on the thermal stability in aqueous NaOH (2 mol dm“ )^ at 
40°C. Chemical crosslinking of the diamine (via di-quaternisation) was reported to 
be more predominant than mono-quaternisation with increasing alkyl chain length 
(n), except for diamines containing bulky substitutes around the nitrogen functional 
groups. AAEMs functionalised using high n-value diamines exhibited improved hy­
droxide ion conductivity over membranes with lower n diamines, due to decreased 
steric hindrance on hydrated ion-exchange. Degradational loss of QA groups was 
greatly reduced with TMHDA quaternised membranes compared with membranes 
made using lower n value diamine: only a 28% loss of QA groups after immersion in 
alkaline solution for 240 h was reported, while area resistance did not increase sig­
nificantly. This stability was proposed to be due to the electron density surrounding 
the (3-carbon in the TMHDA restricting 0 H “ nucleophile attack (in abstracting the 
p-hydrogen). [31] This discovery correlated with the work by Tomoi et al. [116] on 
ion-exchange resins. The lEC of crosslinked poly(VBC) fell by only 2% at 100°C 
after 30 days in deionised (DI) water due to the electron density surrounding the 
p-hydrogens of the functional groups.
Bauer et al. [5] determined the chemical stability of various mono-quaternising 
amines and diamines compared with di-quaternised diamines in aqueous KOH (2 mol 
dm“ )^ at 160°C under a nitrogen atmosphere. The stability of mono-quaternised 
mono- and di-amines is influenced sterically, as elimination reactions are reduced 
by QA conformation. The benzyl trimethylammonium group showed reasonable 
stability (Table 1.1, half life of 29 min at 160°C) although it cannot undergo any 
Hofmann Elimination, the TMA can undergo heterolytic bond cleavage becoming 
neutral as a leaving group with a pair of electrons in substitution reactions. The 
ability of TMA to become a leaving group is related to the pKa of the conjugate 
acid, with lower pKa resulting in increased leaving group ability. However, TMA
32
has a pi^a of 9.8 which is higher than the less stable di-quaternised DAB CO with 
a pAa of only 2.97. The most stable mono-quaternised QA compound is based on 
l,4-diazabicyclo[2.2.2]octane (DABCO) with a half-life of 42 min in aqueous KOH (2 
mol dm“ )^ at 160°C (Table 1.1). Due to the structural conformation of DABCO (Fig. 
33), steric hindrances are decreased around the nitrogen atoms, reducing the steric 
hindrance towards the substitution reactions with halomethylated compounds (e.g. 
VBC pendants). The cage-like structure of DABCO also improves QA stability as it 
prevents distortion towards the anti-periplanar conformation between Cp-H and 0%- 
N required for Hofmann elimination. Additionally, substitution reactions are slowed 
as a result of lone-pair interaction between the basic nitrogen reducing the acidity 
of the opposite QA positive nitrogen [5].
R
OH-
H«0
©H2N—R3
N - R .
Anti-periplanar Fixed in the boat conformation
Figure 1.21: Schematic of anti-periplanar conformation and the DABCO restricted 
boat conformation
However, the stability of di-quaternised DABCO is much lower (half life =  2.3 
min at 160°C) than the mono-quaternised analogue (Table 1.2). Research has shown 
the formation of chemical crosslinks is achieved through di-quaternisation of DABCO 
at T > 80°C and when the stoichiometry of DABCO to halogenated atoms is greater 
[46, 3, 20].
Despite stability issues, Agel et al. [2, 3] investigated aliphatic poly - (epichlorohy- 
drin) functionalised with mono- and di-quaternised DABCO. The resultant AAEMs 
exhibited poor stability at high temperatures, low lECs (around 0.5 mmol g~Q
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Table 1.1: Half-life (ti/2) decay rate in minutes of different monoquaternised QA 
groups (highlighted in red with chemical name) in aqueous KOH (2 mol dm~^) at 
160°C.
Mono-QA compound structure Half-life (min)
Pyridine
0 - - 0 < 0.2
N-M ethyipiperidine
18.4
Trimethyl am ine 
\  / —
CH3 29.1
1,4 -d iazo b icy c lo -[2 .2 .2 ]-o ctan e
42.0
and conductivities varying between 1.0x10“  ^ and 2.0x10“  ^ S cm“  ^ (at 25°C in 
aqueous KOH 1 mol dm“^). Interestingly, hydrogen fuel cell tests showed that 
the di-quaternised DABCO membrane generated higher power densities than the 
mono-quaternised alternative AAEM. DABCO has also been used to functionalise 
PSF-based [129] and poly(VBC)-based [5, 88] polymers via a one step (direct) quater­
nisation reaction. The content of mono- and di-quaternised DABCO (crosslinking 
density) was controlled by altering — CH2CI/DABCO stoichiometric ratios (Fig.
1.22, A). Pandey et al. [88, 89] also aminated poly (VBC) with DABCO via a two 
step quaternisation reaction, resulting in hyper-crosslinked/hyperbranched AAEMs. 
Initial partial amination of poly(VBC) with DABCO was achieved via stoichiometric 
imbalance in favour of poly(VBC) halomethylated groups, followed by reaction where 
DABCO is in excess. The free tertiary lone-pair nitrogen on the mono-quaternised 
DABCO is reacted with dihaloxylene, increasing the amount of QA groups (Fig.
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Table 1.2: Half-life (ti/2 ) decay rate in minutes of different diquaternised QA groups
Di-QA compound structure Half-life (min)
4,4'-Bipyridinium
< 0.2
N,N,N',N‘-Tetramethyl-1,3-propane diamine
/ = \  H. Î  ■ I ’ H. / = \
CH3 CH3 2.1
1 .4 -d iazabicyclo-[2 .2 .2]-octane
2.3
N,N,N',N’-Teframethyl-2,2-dimethyl-1,3-propane diamine
- --- - CH3 ÇH3 ÇH3 --
/  \  1 H2 1 1 H2 /  \
1 " '  T 'CH3 CH3 CH3 —
-
4.7
1.22, B). The lECs of membranes synthesised via the two step method were higher 
than that formed via the one step quaternisation method (1.88 and 1.47 mmol g“  ^ re­
spectively). Due to the di-functionality of dihaloxylene, longer chain crosslinks form 
enhancing membrane flexibility and pore size (improved hydration) whilst increasing 
lEC.
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D A B C O  
(in e x c e s s ) <:a—►
D ih a lo -x y le n e
X  = Bromide, Chloride (Br, Cl)
B
Figure 1.22: Schematic of a one step reaction with mono-/di-quaternised
DABCO functionalised poly(VBC), followed by a two step reaction forming hyper­
crosslinked/hyperbranched AAEMs on further reaction with dihaloxylene.
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This hyper-crosslinking concept was more recently investigated by Schmitt et ah 
[105] and involved crosslinking of cellulose using dihalobutane. Without crosslinking 
the membrane is water soluble restricting potential application. The structure of the 
hyper-crosslinking agent allows tailoring of AAEMs. Previous investigations showed 
that gaseous dihalo-compounds with short alkyl groups (e.g. dihalomethane) resulted 
in the formation of crosslinks only at the surface of the AAEM.
All such investigations however, found that crosslinking increased the thermal sta­
bility of the membrane. Some studies found that short-term stability increased to as 
high as 200 - 250 C [88, 89], although the polymer backbone and QA group long-term 
stability may restrict operational temperatures. Additionally, crosslinking/ hyper- 
crosslinking can increase membrane permselectivity, by the formation of adjustable 
anion (size) selective channels through the AAEM.
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1.3 Research Aim and Objectives
A im  : To synthesise and characterise new  R G -A A EM s and ionomers 
based on DABC O  tertiary diamine (evaluated against standard TM A - 
based R G -A A EM s).
An initial research objective was to develop ETFE-based RG-AAEMs for ap­
plication in direct borohydride fuel cells (DBFC) with reduced loss of performance 
and efficiency from restricting borohydride anion crossover. Therefore, chemical 
crosslinks were investigated using TMHDA and DABCO to create AAEMs with 
reduced borohydride anion crossover. However, the research shifted to target the 
greater development and more importantly the understanding of mono-/di-amine 
QA group chemistries and resultant membrane properties. This understanding into 
how alternative head-groups of mono-/diamine affect generally properties of either 
the membrane or ionomer, could lead to increased performances and control depend­
ing on desired application. It would give the researcher the ability to tailor more 
precisely the specific properties. For example the water management in both mem­
branes and ionomers is key to the overall MEA conductivity, therefore changes to 
membrane/ionomer chemistry, by the addition of a type of amine/diamine that either 
results in increased hydrophobicity or hydrophilicity may be beneficial. In addition 
the membrane and ionomer may need alternative levels of water management, so 
may tailor each component differently. However, the understanding will require the 
development of new characterisation techniques such as lEC titrations, to determine 
what type of amine/diamine structure has been synthesised. These new techniques 
are needed to verify the chemical; stability and structural composition of the new 
functionalised AAEMs to help determine how these properties are related to final 
application performance. New diamine-based AAEMs will be investigated in fuel 
cells and compared against standard TMA-based RG-AAEMs. Greater understand­
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ing of the diamine reaction processes would lead to the fabrication of new alkaline 
ionomers (which will be evaluated against SIONl). The development of these new 
ionomers, using alternative diamines, will increase understanding into what proper­
ties of the ionomer are required for optimum performance. However, all areas of the 
ionomer will need to be investigated to determine the influencing factor. This inves­
tigation will concentrate on the effect the functional head-group has on the ionomer 
performance, future investigations may consider the effect of ionomer content and 
backbone structure within the catalyst layer. In this study the content and backbone 
structure will be keep constant while only altering the functional amine head-group.
Additionally, the synthetic repeatability of ETFE-based RG-AAEMs is to be 
investigated using statistical analysis to determine any signiflcant fluctuations dur­
ing the current synthesis protocols. Developments of alternative synthetic protocols 
maybe cheaper and simpler whilst improving the final AAEM properties. Such vari­
ability is undesirable when testing electrode architectures or new ionomer concepts 
as the AAEM itself must remain constant (so any changes in performance can be 
attributed to the new electrode/ ionomer).
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Chapter 2 
Experimental
Details on the radiation-grafting synthetic method and routine membrane characte­
risation techniques are defined in this chapter. Modifications or alterations of these 
methods are detailed in the subsequent chapters where appropriate.
2.1 Preparation of Alkaline Anion-exchange Mem­
branes (AAEMs)
The AAEMs functionalised with quaternary ammonium (QA) groups were synthe­
sised via the radiation grafting (RG) of functional monomer units onto commercial 
polymer substrate films. This process is summarised in Fig. 2.1.
2.1.1 Grafting of Vinylbenzyl Chloride (VBC) onto Poly (ethy­
lene C O  tetrafluoroethylene) (ETFE) Film
Poly(ethylene-co-tetrafluoroethylene) films (ETFE, 50 [im thick, Nowofion ET-film 
6235, Nowofol Kunststoffprodukte GmbH & Co. KG, Germany [12]) were electron 
beam (EB) irradiated to 7 MRad (70 kGy) total dose (1 - 2 h irradiation time)
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Figure 2.1: Schematic of the radiation-grafted AAEM synthesis.
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using either a 4.5 MeV Dynamatron Continuous DC Electron Beam Unit or a 5 MeV 
Tandem accelerator (Isotron UK, South Marston and Harwell sites, respectively) [22]. 
The EB-ETFE films were then transported to the University of Surrey stored in dry 
ice for either immediate reaction with VBC (Dow Chemicals) monomer or storage 
in the freezer at -36 ±  2°C until required. Transportation takes 4 h, therefore the 
AAEMs stored for 0 days until grafting were grafted 4 h after irradiation. The 
VBC was stored undiluted in a freezer (along with the pre-irradiated ETEE) at -36 
±  2°C for long term storage before opening when required; when opened the VBC 
was stored in a refrigerator at 5 ±  2°C before use. The grafting was performed by 
typically submerging 5 x A4 sized sheets of the EB-ETFE (wound loosely in tissue 
paper to prevent sheets sticking together) in > 1 dm~^ VBC monomer solution. 
The grafting vessel was purged with nitrogen gas for 2 h, sealed, and then heated at
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60°C for 72 h (found to be the optimum temperature for grafting onto ETFE [5, 10]). 
After 72 h, the resultant intermediate grafted film (ETFE-^-poly(VBC)) was washed 
thoroughly with toluene at 60°C for 2 - 3 h before removing the tissue paper from the 
grafting roll; the ETFE-^-poly(VBC) was then washed again with toluene at 70°C 
for at least 3 h. The grafted film was then dried under vacuum at 70°C for 5 h in 
a vacuum oven using a liquid nitrogen solvent trap. The dry, brittle white opaque 
film can be safely stored in this form for later amination at a convenient time.
2.1.2 Amination of the Grafted Films
The dried ETFE-^-poly(VBC) was submerged in aqueous trimethylamine (TMA, 
Acros Organics, 50%mass) at ambient temperature for 6 h; this converts the benzyl 
chloride pendants of the grafted VBC into quaternary ammonium (QA) functional 
groups [24]. The quaternised membrane was washed several times with grade I 
deionised (DI) water (18.2 MQ cm, was used in all experiments) and then heated 
in fresh water at 70°C for 1 h. This reaction altered the membrane’s appearance to 
transparent yellow/orange in colour. The hydrophilic AAEM in the chloride form is 
designated S80 (approximately 80 pm thick when fully hydrated when synthesised 
from 50 pm ETFE) .
2.1.3 Ion-exchange to the Hydroxide Form
The AAEMs require conversion to the 0 H “ form for use in fuel cells. This was 
achieved by submerging the AAEM in aqueous potassium hydroxide (KOH 1.0 mol 
dm“ )^ for 1 h; the KOH(aq) solution was refreshed twice during this 1 h period to 
ensure complete ion-exchange. Excess KOH(aq) was removed with copious washing 
with DI water. The resulting AAEM was stored in DI water (maintaining hydration) 
until required.
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2.2 Chemical and Physical Characterisation of the 
AAEMs
The chemical and physical properties of the AAEMs synthesised using EB-ETFE 
polymer film were examined using a wide variety of analytical techniques. The results 
can give an indication of the AAEM performance within the membrane electrode 
assembly (MEA) during H2/O 2 fuel cell testing.
The thickness increases, water uptakes, area increases and ion-exchange capacities 
were all measured at room temperature (22 ±  5°C).
2.2.1 Thickness Increase Determination
The through-plane thickness increases (Tl) on hydration were determined by mea­
suring both the hydrated and dehydrated AAEMs thickness (arithmetic mean of 3 - 
4 measurements across each of the small segments of the membrane). This was per­
formed using an external micrometer (estimated precision of d= 3 pm). The results 
were calculated as a percentage using Eq. 2.1, where Xhyd is the measured hydrated 
membrane thickness and Xdry is the measured dehydrated (dry) membrane thickness. 
High T l can be detrimental to fuel cell operations, causing the delamination of the 
MEA.
2.2.2 Area Increase Determination
In-plane expansion (or area increase, Al) was determined using samples prepared 
with a circular 2.4 cm diameter die cutter. The area (calculated from the diameter) 
was then used to calculate the Al using Equation 2.1, where x  is the corresponding 
hydrated or dehydrated measured diameters.
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2.2.3 Gravimetric Water Uptake Determ ination
The gravimetric water uptakes (WU) were determined by measuring both the hydra­
ted and dehydrated AAEMs mass. The level of hydration is related to both the ionic 
conductivity (water is required for anion conduction) and structural integrity (water 
can act as a plasticiser but excessive WU can lead to mechanical weakness) of the 
AAEM. The hydrated mass of the AAEM (in the OH" form) was recorded then the 
samples were dried at relative humidity (RH) of 0% (in a desiccator over anhydrous 
calcium chloride) for > 1 week at ambient temperature; the dehydrated mass was 
then measured. This low-temperature method was adopted to reduce the risk of any 
displacement of the trimethylamine functions by the hydroxide anions that could 
be caused by elevated-temperature vacuum drying [21]. The WU percentage was 
calculated using Equation 2.1, where x  is the corresponding hydrated or dehydra­
ted mass measured using a calibrated 5 figure balance (Sartorius AG, CP225D-OCE 
balance, Germany). The thickness increases, water uptakes and area increases were 
calculated and measured simultaneously from n = 3+ samples taken from different 
areas of the hydrated AAEM.
~  X  100 (2.1)
^hyd
2.2.4 Ion-exchange Capacity Determination
The ion-exchange capacity (lEC) of the AAEMs have traditionally been determi­
ned using the acid-base back titration (ABBT) method as previously described by 
Slade et al. [19]. The hydroxide form AAEMs were submerged in 20.00 ±  0.04 
cm^ (pipetted using a Metrohm auto-titrator or Dosimat) of standardised aqueous 
hydrochloric acid solution (Sigma-Aldrich, 0.1041 ±  0.0007 mol dm~^) for >  12 h 
at ambient temperature. The solutions were then back titrated with standardised
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aqueous potassium hydroxide solution (Fluka, 0.1000 ±  0.0001 mol dm“ )^ using a 
Metrohm 716 DMS Titrino or Metrohm 848 titrino plus titrators. The titrations were 
conducted dynamically with a minimum addition of KOH of 0.002 cm^ and a maxi­
mum titration rate of 0.5 cm^ min"^. End-points were determined from maxima in 
the differential of the d(pH)/d(Vtitrant) curves (Fig. 2.2). Membranes were recorded 
in triplicate (or more) with at least 2 blanks (20.00 cm^ of HCl(aq), 0.1041 ±  0.0007 
mol dm“ ,^ containing no membrane) alongside each batch to confirm the accuracy of 
the auto-titrators. The amount of hydroxide anions in the membrane was calculated 
from the difference between the initial (known) amount of hydrochloric acid (20 cm^) 
in which the membranes were soaked and the amount remaining (determined by the 
back titration). After titration the membranes were soaked in aqueous potassium 
hydroxide solution (1 mol dm“ )^ to regenerate the hydroxide form AAEMs and then 
thoroughly washed with DI water before dehydration in a desiccator at RH =  0% 
(over anhydrous CaCl2(s)) for 7+ days. The dehydrated AAEMs were so that the 
lECs could be calculated per gram of dry membrane (2.2):
lE C  {mmol g ) = —  --------   —-  (2.2)
'^dry{OH~)
where rii{H^) is the initial amount of acid in which the membrane was immersed, 
rif { H ^ )  is the amount of acid remaining (determined by titration), and mdry  ( 0 H ~ )  
is mass of the dried membrane in the hydroxide form [9].
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Figure 2.2: A typical potentiometric titration curve and a corresponding differential 
curve, modified from plots calculated using Metrodata TiNet 2.4 Software.
2.3 Electrochemical Impedance Spectroscopy (EIS)
For the electrochemical analysis of AAEMs and MEAs (for fuel cell testing), one 
critical technique is electrochemical impedance spectroscopy (EIS). This technique 
can be used for the determination of the electrochemical properties of the polymer 
electrolytes inside or outside {in situ and ex situ, respectively) of the fabricated 
MEAs used in fuel cell operation.
2.3.1 EIS Principles
Impedance spectroscopy is a non-destructive technique that studies a system by 
applying an excitation signal and then observing the response. The impedance res­
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ponses are frequency dependant, therefore, measurements over a very broad fre­
quency range are needed. EIS is achieved by applying a small (~10mV) sinusoidal 
wave AC (alternating current) voltage (or current) that does not disturb the pro­
perties being measured, then dectecting the current (or voltage) response (Fig. 2.3) 
|18],
V
(AC) out
'(AC) in
(AC) out
'(DC) FUEL CELL
(DC)
Figure 2.3: Application of a sinusoidal AC current perturbation to a fuel cell and 
the resulting voltage response.
For simplification, the angular frequency can be visualised by considering a rota­
ting vector (phasor, B in Fig. 2.4), which demonstrates the phase shift as an angle 
{9) between the current and voltage responses. The projection of V(ac) and I(ac) 
from the phasor plot yields the AC signal shown in Fig. 2.4 A.
CO
' 1/2 -
(AC)I '(A C)
Period (s) = 1//"
71
3n/2
A B
Figure 2.4: A highlights the phase shift between the AC voltage and current signals. 
B illustrates the phasor visualisation of the phase differences between voltage and 
current.
The phasor illustrates the measure of#. If the voltage lags the current (shown in
60
both A and B in Fig. 2.4) the voltage can be expressed as shown in Eq. 2.3, where 
0 is negative. However, when the current lags the voltage, 9 is positive [3].
V(w) =  V { A C )  sin[(o;t) -  9] (2.3)
where 9 is the phase angle (rad) and oj is the angular frequency (radians sec“ ^); 
where uj = 2'kJ  ( /  is the frequency in 1 Hz sec“^). At identical frequencies the phase 
difference between the two phasors remains constant as they rotate.
The relation of voltage and current to resistance can be expressed similarly to 
Ohm’s law (DC, A y  = I  x i?), where the AC impedance Z{jcu) = V{juj )/ Z  
can be represented by a complex number with both real and imaginary components 
(Z’ and Z” respectively) such that Z = Z ’ - j Z"  and j  = y / ^  [4]. Considering the 
elements of electrical circuits, the impedance of an ideal resistor is purely Z’ and is 
referred to as a resistive impedance {Zr )^  where Z r = R  and 9 = 0 with any AC 
amplitude.
In a pure capacitor under steady-state conditions {dV/dt = 0) the current must 
also be zero {i = 0, Eq. 2.4), indicating that a capacitor is equivalent to an open 
circuit.
X c  = - ^  (2.5)
where C is the capacitance measured in Farads (F). In the impedance of a pure 
capacitor (defined in Eq. 2.5) the current lags the voltage waveform by 90 degrees 
(an angle of tt/2  rad) [13]. However, if the voltage falls behind the current (by tt/2  
rad), a pure inductive impedance (X l = jojL) is present, where L is the inductance 
in Henrys. Both the capacitive reactance (Xc)  and inductive reactance ( Xr) are 
plotted on the Z” component.
6 1
In summary the real component Z’ =  |Z |cos0 (related to resistance alone) and 
the imaginary component Z” = |%| sin6*, where jZj is the magnitude of impedance, 
determined as \Z\ =  {Z'Y  +  [Z"Y  &nd 9 — tan~^(Z"/Z '). All the components can 
be displayed on a complex plane plot (Argand diagram, Fig. 2.5) [18].
z"
/
Figure 2.5: Complex plane plot of real and imaginary components of the impedance 
vector.
These impedance responses for resistors, capacitors, and inductors are used to 
construct the impedance response of various electrical/electrochemical circuits. EIS 
can be used to analyse all the components simultaneously, particularly when resistors 
and capacitors are combined in either series or parallel or both (common in many 
electrochemical circuits).
2.3.2 A Simple Equivalent Circuit Example of a Fuel Cell
Equivalent circuits consisting of Rohm (ohmic resistance of the active electrolyte
[17]) followed by a parallel circuit of charge transfer resistance (Ret) and double­
layer capacitance (Cdi) displayed at top of Fig. 2.7, reflect a very simple fuel cell 
response. When the frequency is high [uj -> oo), X c  -4- 0, therefore Cdi acts as a 
short-circuit, so only the series resistance (Rohm) is "visible" {Z{uj —> oo) =  Rohm)-
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At lower frequency (cj —)• 0), X c  oo, therefore, the sum of the resistive elements 
( R o h m  +  R e t )  is seen {Z{uj —>• 0) =  R o h m  +  R e t )  (Fig. 2.7).
II-
a
■0 . 100,
-0.075-
Increasing frequency to
0.050-
0.025-
0.050 0.075 0.125 0.150
R ohm Rohm +  R c l
Figure 2.6: Typical Nyquist plot of a very simple equivalent multicomponent circuit.
The impedance response and the way in which the complex plot changes can 
be used to determine the resistance, capacitance and inductance influences within 
either a single membrane or fuel cell ME A. The AAEM ionic conductivity and fuel 
cell internal resistances measurements were carried out using EIS.
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2.3.2.1 Interpretation of EIS
During fuel cell operation EIS can be applied to help interpret cell performance 
losses and improvements. A typical Nyquist plot of a membrane electrolyte fuel cell 
operating at high current density (Fig. 64), shows two pronounced semicircles at 
both medium and low frequency.
- 0.100
- 0.075
G
^  - 0.050 IHz
100 Hz
- 0 .025 -
1 KHz
0.050 0.075 0.100 0.125 0.150
Z' (Q)
Figure 2.7: Typical Nyquist plot for a fuel cell operated at high current density
The medium frequency arc between 10 kHz - 1 Hz, related to the charge transfer 
reaction which is dominantly determined by the rate of the ORR [20, 15]. The size 
of the arc decreases with increasing current density due to the increased kinetics of 
the electrochemical reaction [25].
At lower frequency arc (10 - 0.1 Hz) is related to the diffusional effects on the 
fuel cell performance becoming prominent, such as mass transport process [8]. This 
feature, sometimes referred to as a Warburg element due to its relationship with 
diffusional effects, sometimes appears as a 45- line in the low frequency region at 
higher current densities only, therefore at lower current densities this feature is not 
seen [25].
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There have been many investigations into the origins of this “Warburg-type” 
feature. Preire et al. [7] and Andreaus et al. [2] concluded that the lower frequency 
arc was mainly due to flooding of the cathode electrode at high current density, 
limiting the oxygen diffusion to the electrocatalyst sites. Therefore, the low frequency 
region at high current density will increase the understanding and interpretation of 
the ME As ability to manage water.
EIS is also used to gain information regarding the MEAs resistance during fuel 
cell operation (increasing current density). The measured resistance corresponds 
to the sum of the contact and ohmic resistances of the cell components, some of 
which will be constant (e.g. polar plates), others will be altered to determine any 
improvements in performance. The membrane resistance is the most dominant, as 
ionic resistance is typically higher than electronic resistance.
2.3.3 Through-plane Ionic Conductivity Determ ination
To determine the membrane ionic conductivity, the hydrated AAEMs (cut into 1.55 
cm diameter disks and converted into the OH" form) were hot-pressed at 59°C under 
250 - 300 kg force for 3 minutes between two 1.3 cm diameter carbon cloth disks with 
Vulcan XC-72 carbon powder bound to one side with propriety loadings of PTFE 
(E-Tek division of BASF); the carbon powder coated sides of the two electrodes faced 
the AAEM. Carbon cloth was used to both reduce contact resistances (as can be hot 
pressed) and replicate similar conditions that are used in {in situ) fuel cell tests. 
These pressed mini membrane electrode assemblies (MMEA) were again converted 
into the OH" form (as per the AAEMs) to ensure re-hydration and ion-exchange and 
were then submerged in DI water within an enclosed glass conductivity cell whilst 
being pressed between two graphite plates (held using an insulated bulldog-clip) 
connected via gold plugs to the electrochemical test equipment (Fig. 2.8).
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Figure 2.8: Diagram of standard glass conductivity cell filled with DI water.
The ionic conductivities were obtained via impedance spectra collected using a 
Solartron 1260/1287 frequency gain analyser/ electrochemical interface with a maxi­
mum voltage amplitude of 100 mV and a frequency range (from high to low), of 1 
MHz - 1 kHz [19]. The spectra were recorded at 20, 30, 40, 50 and 60 ±  2°C (the 
temperatures were stabilised for > 60 min before measurement) using a controlled 
thermostated fan-assisted oven. Data analysis were conducted using ZView software 
(Scribner Associates). The spectrum of the blank short-circuited cell (containing 
hot-pressed electrodes but no AAEM) was also collected and this resistance data 
was subtracted from those of the MMEAs to eliminate the cell and wire electronic 
resistances. The spectra were viewed as complex impedance (Nyquist) plots with the 
imaginary component of Z"on the ^-axis and the real component of Z' on the x-axis
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{ z  = Z ' + jZ)]  the ohmic resistances were estimated from the linear intersection of 
the a:-axis at high frequency (cp =  0°); an example spectra is shown in Fig. 2.9. The 
ohmic resistance of the membrane was used to calculate the conductivity (2 .6):
(S  0^ -^ )  =  -5-----------------------------------------------------(g,6)
■^ m^embraneKy ') ^ -^ electrode )
where, A  is the geometric area of the carbon cloth electrodes, t  is the membrane hy­
drated thickness (at the relevant temperature), Rmembrane is the membrane resistance 
(= R mmea  - Rsiank) and (7 is the conductivity.
This test method is used to determine the through-plane resistance of the mem­
brane alone, via subtracting the blank measurements of resistance (assuming all 
other resistances are constant, e.g. contact and carbon cloth resistances).
Alternative methods known as Kelvin sensing or “four point probe” can be used 
to measure along-plane resistances by passing a current through two outer probes 
and measuring the voltage of two inner probes. This method is not used as does not 
reflect the expected resistances within the {in situ) fuel cell test as the general ionic 
conduction will be through-plane (from cathode to anode).
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Figure 2.9; Nyquist plot of a standard through-plane ionic conductivity spectra of 
S80 AAEM at 20°C in DI water.
2.4 Fuel Cell Testing
Following the conclusions of ex situ properties, alternative membranes and ionomers 
were then tested in situ using an Arbin Fuel Cell Test Station (FCTS, Arbin Instru­
ments, College Station, Texas). The MEA, assembly described later, were secured 
between to graphite blocks with triple serpentine flow fields of dimensions; I mm 
deep, 1 mm wide and 1.5 mm wide ribs. These graphite flow channels were then 
encased between gold coated plates (current collectors) bolted under constant torque 
of 5.5 N m, using a torque driver. All tests were carried out at 50 ±  2°C with pure 
H2 and O2 at 100% relative humidity flowing at a rate of 2 dm^ rnin~\ with no 
additional back pressure. Once desired temperature was reached the MEA is “condi­
tioned” for 2 - 3 hours at high current density (held at discharge V =  50 mV) until
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stable. This initial step ensured MEA hydration and ion distribution.
The voltage (Vceii /  mV) and power density (Pceii /  mW cm~^) against current 
density {i /  mA cm~^) polarisation curves were recorded with both forward (low to 
high i) and reverse galvanostatic current steps (high to low i), controlled using the 
built-in electronic load of the Arbin FCTS. The results presented were taken from 
the reverse step procedure due to more stable and reproducible performances being 
observed (returning from high i to low i is believed to improve the conditioning of 
the cell). The Vceii was allowed to stabilise under galvanostatic control for 5 - 1 0  
min before each data point was recorded.
Electrochemical impedance spectroscopy (EIS) was used to identify the contribut­
ing factors towards voltage losses in the cell [14]. A Solartron 1260 frequency analyser 
connected to a 1287 electrochemical interface was attached to the running fuel cell 
using a two electrode connection (floating, to avoid ground loop interferences). The 
galvanostatically controlled cell current (DC) was perturbed with a small amplitude 
AC current at decreasing frequency (1 MHz - 100 mHz) at 7 points decade"^ to 
measure the total ohmic internal area resistance (r /  2^ cm^) of the MEA at each 
current density step. The amplitude of the AC current was controlled at the lowest 
value, to obtain noise free spectra [16, 24].
The MEAs were assembled using prefabricated carbon paper (Toray Carbon Pa­
per TGPH-090, supplied by Hesen in China) electrodes for both the anodes and 
cathodes; these comprised of carbon paper coated on one side with geometric cata­
lyst loadings of 0.43 ±  0.02 mg cm“  ^ P t (P t/C  20%mass catalyst and a proprietary 
loading of PTFE as the binder). The 25 cm^ (geometric) electrodes were sprayed 
with 15%mass polyvinylbenzyl chloride (poly-VBC) dissolved in ethyl acetate solvent 
to give a polymer loading of 0.40 ±  0.02 mg cm“  ^on the catalyst side; subsequent 24 
h submersion in TMHDA (undiluted at room temperature -  cation: toxic) yielded 
the alkaline ionomer (SlONl in Fig. 2.10) [23]. After vigorous washing with deionised
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(DI) water, ion-exchange of the ionomer was achieved by submersion of the electrode 
in aqueous KOH (1 mol dm“  ^ -  as per the AAEMs).
I " ]
0
OH
0
OH Hz Ho H,
HcC
/ H:
CH.
Ho
TMHDA
l \ „ .
Figure 2.10: Schematic of SIONl alkaline ionomer.
2.5 Statistical Calculations
Where applicable, the results from the characterisation of the AAEMs were analysed 
using statistical methods to improve the interpretation of data. Statistical test were 
used to determine the degree of variance between alternative synthesis processes and 
characterisation techniques.
2.5.1 Mean ( x )  and Standard Deviation (SD)
Repeat measurements are needed in analytical experiments to reveal the presence 
of random (non-systematic errors) errors. Two basic criteria are used to compare 
results:
1. the average value (arithmetic mean, x) calculated from the sum of all measu-
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rements divided by the number of measurements (n), (Eq. 2.7).
X =  T f i  (2.7)
n
2. the degree of spread (sample standard deviation, SD) calculated using Eq. 2.8 
[11].
SD =  (2.8)
The propagation of random errors was used when analysing techniques that in­
volved several stages, each of which will be subject to such errors. The linear com­
bination (y =  a +  b +  c...) of the standard deviations was used to calculate the
propagating error (Eq. 2.9):
SD„ =  y(SD„)2 +  (SD6)2 +  (SD,)2 +  . . .  (2.9)
All graphical representation of membrane characterisation measurements display 
the SD as the error bars, unless otherwise stated in the caption.
2.5.2 F -test
A t-test cannot be conducted if there are significant differences in the variances 
between the different measurements. The F-test considers the ratio of the two sample 
variances the null hypothesis (Rq) is true when the variance ratio is close to 1. If 
the calculated F  value (Eq. 2.10) exceeds the critical value (obtained from tables) 
then the JIq is rejected.
F  =  SD^/SD^ (2.10)
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2.5.3 f-test
Comparison of two experimental means was conducted using an unpaired two-tailed 
Ftest. When the measurement data-points were not matching, e.g. not from same 
sample or from an alternative technique (changed conditions); two-tailed tests were 
used as they assume there is no significant difference between samples.
The Hq is that the two alternative samples or techniques give the same mean 
(therefore, Xi -  X2 should not differ significantly from zero). The two sample SD is 
calculated from the SDi and SD2. If the calculated t value (Eq. 2.11) exceeds the 
critical value (obtained from tables) then the Hq is rejected.
i  (2.11)
where SD is calculated from:
ct)2 _  (^1 -  +  {u2 -  1)SD^
-  K  +  n ^ - 2 )
2.5.4 Analysis of Variances (ANOVA)
For the analysis of more than two sample means, where any variation can be due to 
either controlled or fixed-effect factors, analysis of variance (ANOVA) can be used to 
determine the source of random error between the samples. The Hq assumes that all 
the samples are drawn from a population with means (x) and variations (SD) which 
do not differ significantly. This is determined via calculation of the variation within 
the samples (Eq. 2.13) and the variation between the samples (Eq. 2.14) [11].
1. Within-sample variation estimate of the mean square (MSw):
MSw =  ^  -  X i f / h i n  -  1) (2.13)
i 3
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where Xi is the mean of each sample, h is the n of all the sample sets (e.g. 
when analysing 7 sample sets the h = 7); the summation over j  and division 
by (n — 1) gives the variance of each sample; summation over i and division 
by h averages these sample variances. Eq. 2.13 results in the MSw since it 
involves a sum of the squared terms (SS) divided by the number of degrees of 
freedom {df = h{n — 1)), therefore the SSw =  MSw x df [6].
2. Between-sample variation estimate of the MSg:
MSb =  -  XG)/{h -  1) (2.14)
i
where xq is the grand mean (the mean of the means of several sub-samples). 
The MS involves the SS /  df again, therefore the SSb =  MSb x df.
To determine ANOVA the ratio of within-sample MS and between-sample MS is 
calculated using a F-test. If the calculated value of F  (Eq. 2.15) is greater than 
critical value than the Hq is rejected: the sample means differ significantly.
" -
It is worthwhile to note that the ANOVA method has been applied in the domain 
of proton-exchange membrane fuel cell analysis [26, 1] but not in the development of 
alkaline anion-exchange membranes for fuel cells. The graphs presenting the mem­
brane characterisation results and all statistical calculations within this project were 
prepared using GraphPad Prism software.
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2.5.5 Instrumentation
2.5.5.1 Ram an
Perkin Elmer 2000 NIR FT-Raman was used to obtain the spectra. The membrane 
samples were bunched together in small Durham vials then dried in a dessicator for 
one week before being placed in the beam path for 32 scans (resolution 4.0 cm“  ^ and 
interval 1.0 cm“ )^ from 1800 cm~^ to 500 cm“  ^ at 500 mW.
2.5.5.2 Nuclear M agnetic R esonance (N M R )
High-resolution nuclear magnetic resonance (NMR) spectra (^H and ^^C{^H}) was 
collected on a Bruker AV300 NMR spectrometer. All samples were prepared as dilute 
solution in d-chloroform and with tetramethylsilane as a chemical shift reference.
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Chapter 3 
An Empirical Study into the Primary 
Radiation Grafted AAEM  
(RG-AAEM) Synthesis Variables
The high cost of membrane electrolytes (Nafion® membrane, ca. 8% of the to­
tal cost of the MEA materials [14]) is considered as a major obstacle to fuel cell 
commercialisation [7, 32]. The application of alkaline anion-exchange membranes 
(AAEMs) in solid alkaline fuel cells (SAFCs) is growing in prominence mainly due 
to improved ORR kinetics, enhanced carbon dioxide (CO2) tolerance, and the po­
tential to use non-precious metal catalysts [30] (NOM). The use of radiation grafting 
(RG) methodology for the production of AAEMs reduces electrolyte cost, (addres­
sing this problem associated with PEMFCs). RG techniques also offer greater control 
of final membrane electrolyte properties: barrier properties, controllable thicknesses 
and tailorable chemistry (through the choice and functionalisation of pre-formed 
(cheap) base films) [21, 3]. The commonly used partially fiuorinated poly(ethylene- 
co-tetrafiuoroethylene) (ETFE) polymer substrate facilitates vinylbenzyl chloride 
(VBG) grafting yielding high performance RG-AAEMs. However, the synthesis pro-
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cess for ETFE-RG-AAEMs has not been verified as repeatable or standardised to 
the level of tolerances required for commercial polymer electrolytes, like (Nafion®); 
the commercialisation of RG-AAEMs would require investigations into determining 
these tolerances.
This statistical study examines the synthesis of established radiation grafted 
AAEMs that are formed from electron beam irradiated ETFE (EB-ETFE), VBG 
and trimethylamine (TMA). It will be shown that EB-ETFE can be cold stored for 
at least 16 months and still be used to produce viable ionically conductive AAEMs. 
The limitations of routine measurements of properties, such as dimensional increases 
(thickness and area, TI and AI respectively), ion-exchange capacity (lEG), water 
uptakes (WU) and ionic conductivities, will also be highlighted. Additionally, the 
potential commercialisation of RG-AAEMs will be considered with the synthesis 
tolerances being analysed by statistical means.
3.1 Preliminary Analysis of Standard Grafting Condi­
tions
Gurrent University of Surrey RG synthetic protocols, result in up to 5 (depending on 
grafting vessel capacity) ca. A4 sized sheets of AAEM. The synthesis is performed 
within a cylindrical glass reactor vessel using rolls of pre-irradiated ETFE sheets 
which can cause variations in the d.o.g. across the membrane area. The average lEG 
(from triplicate measurements) in designated areas (1 - 5 in Fig. 3.1) of the AAEM 
were determined. The results were statistically analysed to evaluate any variance in 
properties across individual grafted AAEM sheets.
79
-A 4  Membrane Sheets
Areas of I EC determinations
#  Areas of WU, AI and TI determinations 
Inner Sheet*
&
Outer sheet
Sheets A, B & 0  between the 
innermost (Inner) and 
outermost (Outer) sheets
Pre-irradiated ETFE roll for grafting
Figure 3.1: Representation of membrane property measurement sampling and pre- 
irradiated ETFE grafting roll configuration.
For the clarity of the measurements, spacing between similar values is introduced 
across the a;-axis to avoid confusion through overlapping data points.
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Figure 3.2: lECs at room temperature for AAEMs (S80) synthesised using ETFE 
with designated areas (1, 2 & 3 Fig. 3.1) of the membrane being analysed. Filled 
circles (#) represent inner most AAEM sheet, Crosses (x) represent outer most 
AAEM sheet. The error bars represent sample standard deviations (SD, n = 3). All 
irradiation of ETFE was performed using facility 1 (Isotron, Harwell facility).
As shown in Fig. 3.2 the potential variations of lEC between multiple areas 
of a RG-AAEM sheet, indicated that the lEC means did not differ significantly 
(one-way analysis of variance, ANOVA to a 95% confidence level), therefore the null 
hypothesis ( H q )  was accepted. From the lEC, the average calculated EW of these 
membranes is ca. 660, meaning only 660 g of RG-AAEM (as opposed to 1100 g of 
Nafion 117) will contain 1 mol of functional ion-exchange groups. The AAEM made 
from the outermost sheet showed lower homogeneity across the membrane. The large 
error observed in designated area 4 may be due to inhomogeneous grafting of that 
particular sheet, however this cannot be accurately concluded without increasing n.
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Figure 3.3: Thickness increase (TI, top left), Water uptake (WU, top right) and Area 
increase (AI, bottom left) at room temperature of the S80 AAEM sheets synthesised 
using ETFE. Filled circles (#) represent the inner most AAEM sheet and crosses 
(x) represent the outer most sheet. A, B and C are the AAEM sheets between the 
inner and outer sheets, respectively. The error bars represent sample SD (n =  5). 
Ion-exchange capacity (lEC, bottom right) at room temperature of the S80 AAEM 
sheets synthesised using ETFE. The error bars represent sample SD (n = 3). All 
irradiation of ETFE was performed using facility 1 (Isotron, Harwell facility). The 
means and sample SD are measured from the areas defined in Fig. 3.1.
When comparing lEC (graph bottom right in Fig. 3.3), WU% (graph top right 
in Fig. 3.3) and AI% (graph bottom left in Fig. 3.3) properties of RG-AAEMs 
between multiple sheets within one grafted batch (> 5 sheets) the means did not 
differ significantly (95% confidence level, one-way ANOVA) accepting the Nq.
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However, the means of TI% (graph top left in Fig. 3.3) differed significantly (one­
way ANOVA to the 95% confidence level - Hq rejected); this exception is believed 
to be due to major interferences caused by bubble formations within the membrane 
matrix (particularly at the surface) [10]. These defects are shown in Fig. 3.4.
Figure 3.4: Optical microscopic image of ETFE film (left) and a dehydrated RG- 
ETFE AAEMs (right) surface (x4 magnification).
The bubble formations are believed to be defects within the ETFE base polymer 
which manifest further during the electron beaming and grafting processes. These 
defects are linked to the crystallite and amorphous regions of the base film, as an 
inhomogeneous balance of the [GF2 -  GF2] and [GH2 -  GH2] groups (in favour of 
the [GH2 -  GH2] group) can lead to regions of greater radiation damage due to the 
increased susceptibility of the G-H bond to the EB. Currently these defects have 
had little effect on the final membrane properties, as any serious bubbling is visible 
and therefore is avoided. However this feature may require further investigation if it 
becomes more prominent.
Overall property fiuctuations between the membranes need to be considered to 
assist the creation of a more stable synthesis method that supplies consistent mem­
branes for the analysis of other components of the membrane electrode assembly 
(MEA). If the membrane properties are not constant, the comparison of perfor­
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mances between different MEA conditions will be problematic. Therefore, any va­
riances in the membranes’ properties (and potential variances) must be investigated 
before more complicated modifications can be considered (see later chapters).
3.2 Alternative Grafting Conditions
3.2.1 New and Old Vinylbenzyl Chloride (VBC) Monomer 
Batches
Prior syntheses of RG-AAEMs (see Chapter 2) required large volumes of VBG. Each 
batch of VBG, although constricted by commercial quality controlled tolerances, 
contains slightly different contents of self-polymerisation inhibitors, water etc. (Table 
3.1). Therefore, the effects of these VBG batch variations on the final RG-AAEM 
properties were investigated.
Table 3.1: Chemical content details of Old (x ) and New (O) VBG monomer batches.
Feature Units Old Batch
(x)"
New Batch 
(O)^
Min.
Limit
Max.
Limit
Vinylbenzyl Chloride % 96.2 96.5 96 -
Hexane, Insolubles ppm 48 27 0 100
4- ^  er^-butylcat echol ppm 77 89 50 100
Nitromethane ppm 795 843 700 900
Water ppm 125 152 - 500
M eta/Para Ratio - 1.17 1.20 - -
Alpha-/beta- GVTs % 1.203 1.357 - 2.000
Colour, APHA - 10 10 - 50
^Purchase date 22.10.2008, ^Purchase date 12.05.2009
It is clear that the Old VBG batch contains (> 10 ppm) less ^erf-butylcatechol 
(TBG) and nitromethane inhibitors but also less water. The reduced inhibitor 
content may have little effect, as TBG prevents VBC homo-polymerisation in the 
presence of sufficient oxygen. However, in the absence of oxygen, polymerisation
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proceeds as if no inhibitor were present [4]. NMR was conducted on the VBC mo­
nomer to determine any chemical changes between the New and Old VBC batches.
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Figure 3.5: and NMR spectra of the Old batch VBC.
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The ^H-NMR spectra of the Old VBC batch (top spectrum in Fig. 3.5) contai­
ned multiplets (labelled A) at 7.32 - 7.15 ppm corresponding to the four aromatic 
hydrogens of the VBC (complicated by a mixture of both para/m eta isomers). The 
quartet (B) at 6.65 - 6.59 ppm represents the proton of the vinyl group (H2C=CH-0) 
nearest the benzyl ring [12], while the dual doublets (C an d  D) at 5.71 - 5.66 and 
5.21 - 5.18 ppm respectively relate to the protons of the vinyl group (H2C=CH-0) 
furthest from the benzene ring [6]. The doublet, C is specifically related to the pro­
ton protracting towards the benzyl ring [17]. A sharp singlet (E), observed at 4.43 
ppm can be assigned to the methylene peak (-CH2-CI) of the chloromethyl group of 
VBC [27].
The ^^C-NMR spectrum of the Old VBC batch (bottom spectrum in Fig. 3.5) 
displayed peaks (d an d  f) between 126 - 128 ppm respectively, which relate to the 
four aromatic carbons of the VBC (again made more complicated by the para/m eta 
mixture). The m-VBC isomer gave a singlet (e) corresponding to the carbon para 
to the vinyl group [25]. The doublet and singlet peaks (b) represent the benzene 
ring carbons attached to the chloromethyl group for both the p-VBC and m-VBC 
isomers (138 -137.6 and 136.9 ppm, respectively) [23]. The small singlet (a, 138 ppm) 
represents the benzene ring carbon attached to the vinyl group [36]. The doublet (c) 
at 136.3 - 136.2 ppm corresponds to the carbon of the vinyl group connected to the 
benzene ring (H2C=CH-ÿ), while the sharp singlet (g) at 114 ppm represents the 
carbon of the vinyl group furthest from the benzene ring (H2C=CH-<^) [29]. The 
singlet peak (h) at 46 ppm can be assigned to the carbon of the chloromethyl group 
of VBC (-CH2-CI).
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Figure 3.6: and NMR spectra of the New batch VBC.
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Little change was visible between the ^H-NMR and C-NMR spectra of the Old 
and New VBC batch, therefore the peak assignments remain the same for the New 
VBC batch. Another minor change was observed; the peaks of the Old VBC batch 
broadened and shifted downfield when compared to the New batch. Comparing the 
^H-NMR spectra showed that the methylene peak E shifted from around 4.50 to 
around 4.42 ppm with line broadening. These changes could be caused from the 
polymerisation of VBC [27]. However, no additional peaks due to alkyl groups (po­
lymerised vinyl groups) were observed. No downfield shift or reduction in intensity 
was observed for peaks C an d  D (representing the protons of the vinyl group) indi­
cating that the double bond was unchanged. Therefore in conclusion, no significant 
homopolymérisation of the VBC was evident.
ANOVA analysis requires >  3 samples, therefore the following results were ana­
lysed using ^-test and F-test. When comparing TI (graph top left in Fig. 3.7) of 
AAEMs synthesised using either Old or New VBC monomer batches the means were 
significantly different (95% confidence level - unpaired 2-tailed t-test - Hq rejected); 
the F-test concluded that variances were not significantly different. Using the Old 
VBC batch resulted in 6% higher TI% then when using New batch [(28.3 ±  2.9) 
compared to (34.4 ±  2.4)%] suggesting an enhanced level of monomer grafting.
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Figure 3.7: Thickness increase (TI, top left), Water uptake (WU, top right) and Area 
increase (AI, bottom left) at room temperature of the S80 AAEMs synthesised via 
reaction with undiluted New (#) or Old (x) VBC monomer batches and EB-ETFE 
that had been stored at -36 ±  2°C for < 100 days. The error bars represent sample 
SD (n =  5). Ion-exchange capacity (lEC, bottom right) as above with the error bars 
representing sample SD {n =  15). All irradiation of ETFE was performed using 
facility 1 (Isotron, Harwell facility).
The use of the Old VBC batch resulted in a similar trend to TI measurements 
with of higher WU% (graph top right in Fig. 3.7). The means were found to be 
significantly different (95% confidence level - unpaired 2-tailed t-test - Hq rejected). 
Improved grafting, due to lower inhibitor content of the Old VBC batch would in­
crease the functional quaternary ammonium (QA, cation) head-group content which 
would enhance hydration-based properties.
The VBC is kept within the freezer (-36 ±  2°C) until required for use, reducing 
the potential of self polymerisation. Once used the excess VBC is stored in the
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fridge, making it easier for future access when required again. This storage at higher 
temperatures overtime will effect the function of the TBC inhibitor. Additionally, 
the opening of the vessel will reduce the oxygen saturation within the VBC monomer 
solution, needed to maintain the TBC ability to inhibit polymerisation. Therefore 
the effectiveness of TBC is reduced with increasing storage times [4].
ETFE grafted using the Old VBC batch appeared to yield a higher AI% (3%) 
than AAEMs synthesised using the New VBC batch (graph bottom left in Fig. 
3.7). However, the Hq was accepted when a statistical analysis was conducted (95% 
confidence level - unpaired 2-tailed Z-test).
The trend of enhancement of the AAEM properties when synthesised using the 
Old VBC batch compared to the New batch is again reflected in lEC measurements 
(graph bottom right in Fig. 3.7): Hq was rejected (95% confidence level - unpaired 
2-tailed Z-test) as the mean lEC differs significantly (1.50 ±  0.07 to 1.71 d= 0.10 mmol 
g“  ^ for the New and Old VBC batch, respectively). F-test calculations determined 
that variances do not differ significantly.
Nation 117 membrane has a WU of 38%, TI of 10 - 15% and AI of 10 - 15%
[5], which are considerably lower that of the RG-AAEMs. These higher hydrolytic 
membrane properties may cause serious practical problems during long-term fuel 
cell operation. Many studies have been conducted into the effects of hygro-thermal 
cycling on the integrity of the membrane during fuel cell testing [18, 28]. Highlighting 
that the management of water within the membrane is key to it’s structural stability.
90
E 0.06
>  0.05
g  0.04
Q 0.03
30 40 50
Temperature (°C)
-1.1-
- 1.2
»  -1.4
-1.5
- 1. 6-
3.0 3.2 3 .4
1 0 0 0 /T (K  )^
Figure 3.8: Through-plane ionic conductivity (graph on left) at increasing tempera­
tures (20 - 60°C) in DI water of AAEMs (S80) synthesised via reaction with undiluted 
New (•) or Old (x) VBC monomer batches and EB-ETFE that had been stored at 
-36 ±  2°C for < 100 days. Replicates displayed (n =  3) with the lines connecting 
the means at each temperature. The log a (S cm~^) vs. 1000 /  T (K“ )^ plots (graph 
on right) were calculated from the conductivity data. The lines indicate the linear 
regressions. All irradiation of ETFE was performed using facility 1 (Isotron, Harwell 
facility).
Finally, ionic conductivity measurements showed improved performances for AAEMs 
synthesised using the Old VBC batch (Fig. 3.8). However, the means at 60°C only 
are not significantly different (95% confidence level - unpaired 2-tailed t-test - Hq 
accepted).
According to the Arrhenius equation, conductivity has a linear exponential rela­
tion with temperature, our experimental results of conductivity vs. temperature are 
in agreement with Arrhenius relation. Assuming this the ionic conductivity is then:
CT =  (To e x p { - E a / R T ) (3.1)
where ctq is the pre-exponential factor. Ea is the activation energy (kJ mol~^), T  
is the temperature (K) and R  is the molar gas constant (8.314 JK “ ^mol“ ^). The 
activation energy is obtained from (Ea = b x  R), where b is the slope of the log^Q(cr) 
vs. 1 / T  plot [13].
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The activation energy with the New VBC was 4.7 ±  0.7 kJ mol“ ,^ higher than 
that of the AAEM grafted using the Old VBC 3.7 ±  0.3 kJ mol“ .^ There is little dif­
ference between the activation energies of the AAEMs synthesised with the different 
VBC batches.
The activation energy of Nation 117 membrane is 13.5 kJ mol“  ^ [15], more than 
double that of RG-AAEMs. The low Ea values of the RG-AAEMs could be attributed 
to the high; content of tetraalkylammonium groups (related to EW), water uptake, 
and lEG of the membranes all conducive to forming continuous ion channels making 
ion transfer easier [34]. This result indicates that when considering a membrane for 
fuel cell applications all aspects must be considered, as high WU can effect the hygro- 
thermal integrity of the membrane but can also lead to improved ionic conduction 
(through low Ea).
In summary: All of the above membrane characterisation indicated that the 
Old VBC batch yielded significantly higher properties than AAEMs grafted using 
the New VBC. The lower content of inhibitor in the Old VBC batch enhances the 
grafting levels and hence increases the number of QA groups (higher lEC) and mem­
brane hydration (WU, TI and AI), and consequently increases the ionic conductivity. 
The results demonstrate the effect inhibitor content has on final AAEM properties, 
although further investigation is required.
The VBC monomer in this study is supplied in batches of 12 litres. Each batch 
can synthesise up to 120 x A4 sheets of AAEMs. For larger scale investigations ad­
ditional membrane is required: However as shown above, AAEMs synthesised using 
alternate VBC monomer have properties that differ significantly. Therefore, either; 
(1) VBC monomer must be purchased that has strict control of chemical content 
(commonly only available in small amounts and expensive) or (2) ways of reducing 
the quantities of the VBC used in the synthesis must be developed tha t do not 
diminish the final RG-AAEM performances.
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3.2.2 Use of Recycled VBC Monomer
The VBC monomer undiluted that was used previously for grafting was reused a 
second time to synthesise a new batch of RG-AAEM. The resulting membrane pro­
perties were then directly compared with AAEMs made from fresh VBC. The se­
cond use VBC may have reduced inhibitor content, hence the potential for improved 
grafting; however the possibility of contamination is increased due to its use for a 
previous reaction. Reduced inhibitor can result in monomer homo-polymerisation 
and increased monomer viscosity, for the used VBC.
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Figure 3.9: Thickness increase (TI, top left). Water uptake (WU, top right) and 
Area increase (AI, bottom left) at room temperature of the S80 AAEMs synthesised 
via reaction with undiluted fresh (F^ use, # )  or recycled (2"^ use, x ) VBC monomer 
and EB-ETFE that had been stored at -36 ±  2°C for < 100 days. The error bars 
represent sample SD (n =  5). Ion-exchange capacity (lEC, bottom right) as above 
with the error bars representing sample SD (n =  9). All irradiation of ETFE was 
performed using facility 1 (Isotron, Harwell facility).
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As is shown in the graph top left in Fig. 3.9 the re-use of VBC a second time 
results in an increase in TI% membrane property; Hq was rejected (95% confidence 
level - unpaired 2-tailed t-test) indicating that re-use of VBC results in AAEMs with 
significantly different WU-related properties.
A major increase in WU% was also observed when grafting with the recycled 
VBC (graph top right in Fig. 3.9), confirming the trend seen with TI% measurements 
(graph top left in Fig. 3.9); however this increase was far more severe (> 20% points 
increase). High WU can result in improved conductivity but can seriously reduce 
the AAEMs structural/mechanical integrity; a WU of 80% is not viable for fuel cell 
application. Obviously this large variation results in the rejection of the Hq as the 
means are significantly different (95% confidence level - unpaired 2-tailed ^-test).
As with the preceding results from the study of different VBC batches (graph 
bottom left in Fig. 3.7) the AI% parameter yielded a deviation from the expected 
trend. Only a minor increase was observed when re-using VBC (graph bottom 
left in Fig. 3.9). The means were not significantly different (95% confidence level - 
unpaired 2-tailed t-test), therefore the Hq was accepted and the recycled VBC results 
in AAEMs with similar AI values.
Despite the increase in TI and WU, only a minor increase of 0.1 mmol g“  ^ in 
the lEC was observed when synthesising AAEMs using the recycled undiluted VBC. 
Therefore, the Hq was accepted and the recycled and fresh VBC resulted in the 
same lEC (95% confidence level - unpaired 2-tailed ^-test). However, it is clear from 
graph bottom right in Fig. 3.9 that 8 replicate measurements of lEC of the AAEM 
synthesised using fresh VBC (1®* use, O) cluster around 1.3 mmol g“  ^ with a single 
potential outlier at 1.9 mmol g“ .^ The use of the Grubbs outlier test removes this 
result (suspected gross experimental error). This now leads to the rejection of Hq 
(on a fresh, 95% confidence level - unpaired 2-tailed t-test). This alteration indicates 
the importance of conducting multiple replicates for the verification of each of the
9 4
membrane properties. However, the use of Grubbs testing with less than 13 replicate 
measurements is acknowledged to be non-ideal. This highlights the need to be able to 
produce larger batches of AAEMs to enable more replicate measurements to further 
enhance the statistics.
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Figure 3.10: Through-plane ionic conductivity (graph on left) at increasing tempe­
ratures (20 - 60°C) in DI water of the S80 AAEMs synthesised via reaction with 
undiluted fresh (F^ use, # )  or recycled (2"^ use,x) VBC monomer and EB-ETFE 
that had been stored at -36 ±  2°C for < 100 days. Replicates displayed {n = 3) with 
the lines connecting the means at each temperature. The log a (S cm“ )^ vs. 1000 
/  T (K~^) plots (graph on right) were calculated from the conductivity data. The 
lines indicate the linear regressions. All irradiation of ETFE was performed using 
facility 1 (Isotron, Harwell facility).
Although the use of recycled VBC enhanced all other AAEM properties slightly, 
ionic conductivity decreased (graph on left in Fig. 3.10). Despite this, statistically 
testing the mean at 60°C only resulted in no significant difference (95% confidence le­
vel - unpaired 2-tailed t-test - Hq accepted) suggesting that the re-use of VBC did not 
affect hydroxide ion conductivity; however, the variances are large and this indicates 
more method development is required for the measurement of ionic conductivities of 
the AAEMs (see later discussions and future work).
The activation energy was 3.9 ±  1.3 kJ moF^ when using the fresh VBC, and 
4.5 ±  1.6 kJ moF^ when using the recycled VBC. The variances however are large 
highlighting the need for an improved ionic conductivity testing method.
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The variation in the conductivity method is predominately due to the variation 
between each cell set-up, although this should be removed through blank corrections, 
small variations in pressure on the MMEA can alter the contact resistances resulting 
in large variations. These variations can be improved via two possible methods:
1. Redesign of the cell so the two graphite electrodes can be pressed under the 
same torque, therefore maintaining similar MMEA compression and similar 
(repeatable) contact resistances.
2. Coupled with item 1, removal of the MMEA fabrication step use of carbon 
cloth, as hot pressing can result in the dehydration of the membrane causing 
uneven hydroxide conductivity as water plays a key role in the ionic resistance 
of polymer membranes.
And the overall method can be improved by estimating the hydroxide conductivity 
from the bicarbonate conductivity of the AAEMs by multiplying the bicarbonate 
conductivity by 3.8 [33]. This would remove any potential carbonation issues during 
testing, however is not a true reflection of the end desired function within an alkaline 
membrane H2/O 2 fuel cell.
In summary: The use of recycled VBC for the synthesis of the AAEMs improved 
some of the membrane properties while maintaining others at levels that are viable for 
application. The high WU, however, is of concern and this appears to have had little 
effect on improving ionic conductivity. The potential re-use of VBC therefore appears 
promising: Coupled with VBC dilution, high grafting levels may be achievable with 
reduced quantities of VBC (cost reduction).
3.2.3 Dilution of VBC in Isopropanol
The use of large quantities of undiluted VBC monomer guarantees adequate grafting, 
however it also leads to increased hazards on scale-up and expense. These issues
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could be alleviated by diluting VBC with isopropanol solvent [4], although dilution 
may affect the AAEMs final performance. Membranes synthesised using 50/50%voi 
VBC/ isopropanol were compared with the standard AAEMs (made using undiluted 
VBC only).
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Figure 3.11: Thickness increase (TI, top left), Water uptake (WU, top right) and 
Area increase (AI, bottom left) at room temperature of AAEMs (S80) synthesised 
via reaction with undiluted VBC (#) or 50/50 vol% VBC/ isopropanol monomer 
mixtures ( x ) and EB-ETFE that had been stored at -36 ±  2°C for < 100 days. The 
error bars represent sample SD (n =  5). Ion-exchange capacity (lEC, bottom right) 
as above with the error bars represent sample SD {n =  9). All irradiation of ETFE 
was performed using facility 1 (Isotron, Harwell facility).
The dilution of VBC monomer with isopropanol solvent resulted in AAEMs ha­
ving similar TI% compared with membranes synthesised using undiluted VBC (graph 
top left in Fig. 3.11). The calculated means were not significantly different (95% 
confidence level - unpaired 2-tailed (-test - Hq accepted indicating that dilution of
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the monomer had little effect on the swelling of the resultant AAEM.
As shown in graph top right in Fig. 3.11, the WU% of the AAEM that was reacted 
with the diluted VBC monomer mixtures decreased. Hq was rejected (95% confidence 
level - unpaired 2-tailed t-test), therefore dilution of the monomer lead to reduced 
WU%. The average WU of 54.8 ±  3.2%, is viable for fuel cell application, although 
higher than the WU of 38% for Nation 117 membrane [5]. The key to a successful 
AAEM is enhanced conductivities with reduced water uptakes and swelling.
There was no significant difference in the AI% (graph bottom left in Fig. 3.11) 
between the AAEMs made with undiluted VBC and diluted VBC monomers (95% 
confidence level - unpaired 2-tailed t-test - Hq accepted)
AAEMs synthesised using the diluted VBC monomer solution resulted in a re­
duction in the lEC of 0.2 mmol g“  ^ (graph bottom right in Fig. 3.11). However, the 
lower lEC of 1.3 mmol g“  ^ is still adequate for use in fuel cells, despite the means 
differing significantly (95% confidence level - unpaired 2-tailed t-test - Hq rejected).
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Figure 3.12: Through-plane ionic conductivity (graph on left) at increasing tempe­
ratures (20 - 60°C) in DI water of the S80 AAEMs synthesised via reaction with 
undiluted (#) or 50/50 vol% VBC/isopropanol (x) VBC monomer mixtures and 
EB-ETFE that had been stored at -36 ±  2°C for < 100 days. Replicates displayed 
(n =  3) with the lines connecting the means at each temperature. The log a (S 
cm“ )^ vs. 1000 /  T (K~^) plots (graph on right) were calculated from the conduc­
tivity data. The lines indicate the linear regressions. All irradiation of ETFE was 
performed using facility 1 (Isotron, Harwell facility).
98
The ionic conductivities are similar when comparing the AAEMs made from 
undiluted VBC or diluted VBC (graph on left in Fig. 3.12). At 60°C only, the 
Hq was accepted as the means did not differ significantly (95% confidence level - 
unpaired 2-tailed ^-test) indicating that the ion conductivity is unaffected by the 
dilution of the monomer in the grafting solution; again the variances are high.
The Ea for the New VBC batch grafted AAEM (4.2 ±  2.1 kJ mol“ )^ and diluted 
New VBC batch grafted AAEM (4.4 ±  0.9 kJ mol“ )^ are very similar (although the 
variances are again high), demonstrate that dilution of the VBC monomer had little 
effect on the resultant AAEM properties.
In summary: The alternate monomer reaction conditions can affect the final 
properties of the AAEMs. Reducing VBC monomer usage resulted in changes in 
AAEM properties to various degrees. However, recycling and dilution of VBC did 
not affect the viability of using the AAEMs in fuel cell applications. Although some 
properties increased, others decreased. Additional optimisation and development 
should lead to further decreases in the amount of VBC required for AAEM synthesis. 
Previous research into the use of iron-based (Fe^+) catalysts in the RG process [26, 9] 
led to the use of reduced volumes (therefore overall reaction cost) of VBC monomer.
3.3 Long-term Cold Storage of Electron Beamed ETFE
The irradiation process is known to generate at least two types of radicals when 
using ETFE: alkyl radicals (R, e.g. -CH 2C HCF2CF2-)  and peroxy radicals (R 00-), 
depending on the atmosphere present during beaming (nitrogen and air respectively)
[20]. Additionally, information on the stability of the peroxy radicals during long 
term storage for the synthesis of AAEMs is urgently required (it is known that both 
types of radicals within ETFE decay under increased temperatures over time [20, 8]).
The decay of radicals during storage will affect the subsequent grafting reaction and
99
the properties of the final AAEMs.
The objective of this component of work was to study both the effect of cold sto­
rage of electron beamed (EB) ETFE on the resultant pre-irradiation grafted AAEM 
properties and the repeatability of the RG-AAEM synthesis method. The ETFE (ir­
radiated in an air atmosphere) was stored at -36 ±  2°C for increasing periods of time 
before reaction with fresh undiluted VBC monomer and subsequent functionalisation 
with TMA.
3.3.1 Thickness Increases (TI)
It is clear from Fig. 3.13 that the AAEM TI do not vary between 0 - 100 days of 
cold storage after EB. Hq was accepted (95% confidence level, one-way ANOVA) for 
storage times of 0 - 100 days. Larger variations occur after 100 days of storage {Hq 
was rejected).
After 100 days of storage, the TI parameter becomes increasingly erratic; bubble 
formation [10] within the membrane matrix (particularly the surface) were interfering 
with the accuracy of the thickness determinations. These interferences are clearly 
seen when comparing the AAEM (dehydrated) thicknesses of various areas {ti) of 
the membrane to the mean dehydrated thickness (shown as the Error in Fig. 3.13); 
this is calculated {ti — tmean) X 100%/tTnean- This erratic behaviour after 100 days of 
storage is also evident in other measured membrane properties (e.g. Fig. 3.15).
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Figure 3.13: TI at room temperature of AAEMs (S80) synthesised using ETFE 
that had been stored at -36 ±  2°C for an increasing number of days after electron- 
irradiation. The error bars represent sample SD (n =  5 for all samples). * is the 
use of EB facility 2 (Isotron, South Marston). All other membranes used facility 1 
(Isotron, Harwell facility).
Unfortunately, during the course of this study the original Harwell EB facility 
closed and was replaced with the new South Marston facility (2). From Fig. 3.13 
it is clear that the AAEMs produced at the new EB facility varied little from those 
produced at the original EB facility. This was proven as i/o was accepted (95% confi­
dence level - unpaired 2-tailed Utest) when comparing the 0 day AAEMs (grafted 
the same day as being beamed) from the different facilities; therefore, there was no 
(statistically) significant difference in TI between the AAEMs produced at the two 
EB facilities.
lOI
3.3.2 Area Increases (AI)
Fig. 3.14 presents the variations in AI between the AAEMs. Hq was accepted (95% 
confidence level, one-way ANOVA) for up to 16 months of cold storage of the EB- 
ETFE. These minimal variations are due to the tensile strength properties of the 
ETFE backbone [22]. Too high values for AI can lead to the risk of membrane 
electrode assembly delamination in the fuel cells on repeated swelling/contraction 
(humidity cycling). The alternate EB facilities (0 vs. 0*) differ significantly with 
respect to AI {Hq was rejected, 95% confidence level - unpaired 2-tailed É-test).
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Figure 3.14: AI at room temperature of AAEMs (S80) synthesised using ETFE 
that had been stored at -36 ±  2°C for an increasing number of days after electron- 
irradiation. The error bars represent sample SD (n =  5 for all samples but 0* where 
n =  6). * is the use of EB facility 2 (Isotron, South Marston). All other membranes 
used facility I (Isotron, Harwell facility).
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3.3.3 Gravimetric Water Uptakes (W U)
Gravimetric water uptakes (WU) are shown in Fig. 3.15. After 100 days of EB- 
ETFE cold storage the WU % increased dramatically. Unlike for TI (Fig. 3.13) the 
Hq was accepted for the complete 16 months (480 days) of storage (95% confidence 
level, one-way ANOVA) due to the large variances. Hence, no clear conclusion can 
be drawn on the effect of storage time on WU. All measured WUs are in the range of 
65 ±  15%. Bubble formation is again a major interference, as described previously.
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Figure 3.15: WU at room temperature of AAEMs (S80) synthesised using ETFE 
that had been stored at -36 ±  2°C for an increasing number of days after electron- 
irradiation. The error bars represent sample SD (n =  5 for all samples except 0* 
where n =  6). * is the use of EB facility 2 (Isotron, South Marston). All other 
membranes used facility I (Isotron, Harwell facility).
Unlike with TI, the WU of the AAEMs from the different EB facilities (0 vs. 
0* in Fig. 3.15) differ significantly ( H q was rejected at the 95% confidence level -
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unpaired 2-tailed /-test); however the differences in the WUs between the facilities 
is still < 10% points. Notably, the variation in all WU results is not serious over 
long EB-ETFE cold storage periods.
A value of 65% is still too high for optimal application in fuel cells (however, 
keep in mind that RG-AAEMs are less dense than perfluorinated membranes such 
as Nafion), so high WU% does not mean that the absolute water contents will be 
too high. Gonsider the structural morphologies of each type of membrane; Nafion 
membrane are more compact than RG-AAEMs, and the cluster groups (for ionic 
channels) are closer to each other, resulting is less space for water accumulation. 
The morphology of RG membranes are less compact, allowing greater space for 
water, reflected in the high WU% results obtained. However, as previously discussed 
the high WU% can have both a negative and positive effect of performance, as the 
structural integrity may be compromised but the ionic conductivity may be improved. 
The balance of these two membrane properties is therefore essential to achieve fuel 
cell optimisation.
In summary: The variation in TI, WU and AI between EB-ETFE cold storage 
times was not major on a practical level, a priority is that bubble formation must 
be overcome.
3.3.4 Ion-exchange Capacity (lEC)
The lEC measurements reflect the degree of grafting (d.o.g) when assuming that all 
grafted VBG sites result in an anion-exchange site. Studies by Larsen et al. [19], 
that determine the changes in the d.o.g depending on storage time and temperature, 
have shown a rapid decrease in radical concentration in the first 20 h of cold storage,
[19]. After 100 h the radical concentration under both room temperature and cold 
storage begins to plateau. However, as shown in Fig. 3.16 there is no significant
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difference in the means of lEC between 0 - 2 0  days ETFE storage; the Hq for 0 and 
20 days cold storage was accepted (95% confidence level - unpaired 2-tailed /-test).
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Figure 3.16: lECs at room temperature of AAEMs (S80) synthesised using ETFE 
that had been stored at -36 ±  2°C for an increasing number of days after electron- 
irradiation. The error bars represent sample SD {n values given in graph). * is the 
use of EB facility 2 (Isotron, South Marston). All other membranes used facility 1 
(Isotron, Harwell facility).
Compared with the other AAEM properties, the lEC begins to deviate prior 
to 100 days of storage as H q was accepted for 0 to 40 days, but is rejected for 
0 to 100 days of cold storage (95% confidence level, one-way ANOVA). After 100 
days of storage the lEC measurements begin to fluctuate in a non-systematic way. 
Interestingly, the H q for 16 months of storage (480 days) was accepted when compared 
with 0 days cold storage (95% confidence level - unpaired 2-tailed /-test). These 
results show that EB-ETFE can be cold stored for over a year (as long as y-ray
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irradiated ETFE films [11] are used to produce RG proton-exchange membranes) and 
still produce viable AAEMs. EB facilities are more widely commercially available 
compared to y-ray facilities (as they are used for sterilisation of medical equipment).
Previous research has shown that grafting of irradiated fluor op olymer films pro­
ceeds by the grafting front mechanism. The grafting is initiated first at the surface 
of the film and these regions become swollen by solvent to provide access to deeper 
reaction sites within the film for additional monomer polymerisation [1, 24]. Howe­
ver, crystalline regions of the film remain practically unaltered during the grafting 
process, meaning grafting predominately takes place in the amorphous regions [2, 31]. 
Therefore the fluctuations in lEC measurements may be disproportionately affected 
by the deterioration of the radical sites in the amorphous regions of the ETFE film.
A change in EB facility does not significantly affect lEC as Hq was accepted (95% 
confidence level - unpaired 2-tailed /-test) for 0 vs. 0*. W ith respect to AAEM fuel 
cell performance, the lECs are adequate for AAEM fuel cell application when the 
AAEMs are synthesised from EB-ETFE stored at -36 ±  2°C for up to 16 months 
(480 days); the mean lEC remains above 1.25 mmol g“ .^
3.3.5 Through-plane Ionic Conductivity
The ionic conductivity measurements appear erratic in Fig. 3.17; however, Hq was 
accepted for all results in the range 0 - 480 days (95% confidence level, one-way 
ANOVA). AAEM conductivities when synthesised using the alternate EB sources 
show no significant difference; the Hq was accepted (95% confidence level - unpaired 
2-tailed /-test) for 0 vs. 0*. Hence, the conductivity of the AAEMs is insensitive 
to both the EB source and the cold storage duration, within the precision of the 
measurement technique used.
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Figure 3.17: Through-plane ionic conductivity at 60 °C in deionised (DI) water 
of AAEMs (S80) synthesised using ETFE that had been stored at -36 ±  2°C for 
an increasing number of days after electron-irradiation. The error bars represent 
sample SD (n = 3 for all samples except 0* where n = b). * is the use of EB facility 
2 (Isotron, South Marston). All other membranes used facility 1 (Isotron, Harwell 
facility).
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Figure 3.18. Conductivity vs. lEC at room temperature of AAEMs (S80) synthesised 
using ETFE that had been stored at -36 ±  2°C for an increasing number of days 
after electron-irradiation. The error bars represent sample standard deviations (n = 
3 for all samples except 0* where n =  5).
Fig. 3.18 shows no clear correlation between ionic conductivity and lEC for the 
AAEMs. It was expected that with increasing lEC the ionic conductivity would 
also increase (assuming no major increase in swelling and WU); the precision of the 
routine measurement technique used in this study is insufficient to identify a clear 
trend.
Fig. 3.19 presents the variations in conductivities with temperature; the data 
shows the same general increase with temperature of ionic conductivity even between 
alternate EB sources and increasing EB-ETFE cold storage time. Fig. 3.19 also 
shows that variation can occur between alternate conductivity cells, resulting in 
what appears to be outliers.
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Figure 3.19; Through-plane ionic conductivities (graph on top) at increasing tem­
peratures (20 - 60°C) in DI water of electron-beamed ETFE-based radiation-grafted 
AAEMs (S80). #  is 0 days of cold storage at -36 ±  2°C using EB facility 1 (Harwell). 
♦ is 480 days of cold storage (EB facility 1). O is 0 days of cold storage using the 
new EB facility 2 (South Marston). The log a (S cm~^) vs. 1000 /  T (K“ )^ plot 
(graph on bottom) of the arithmetic mean calculated from the ionic conductivities 
shown in graph on top. The lines indicate the linear regressions.
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The Ea varied little with storage time. The Ea of AAEMs grafted at; 0 days, 480 
days and 0 days (with the new EB source) were 3.7 ±  0.8 k j mol“ ,^ 3.7 ±  0.8 kJ 
mol~^and 3.0 ±  1.0 kJ mol“ ,^ respectively.
3.3.5.1 Carbonate and Bicarbonate Interference
As is clear from previous results, it should be noted that rigorous CO2 exclusion 
was not conducted during these routine conductivity measurements. Although this 
is now considered as a possible benefit within the fuel cell (improving performance) 
for ex situ testing it is not ideal as can result in mixed results with increased error. 
Previous studies have shown that AAEMs in the 0 H “ exhibited higher conductivities 
than AAEMs in mixed carbonate and bicarbonate (COg" and HCO3  , respectively) 
forms. These COg” and HCO3  anions occur when the OH" form AAEMs are exposed 
to air [16, 33]. Therefore, the ionic conductivities measured in this study likely 
represent the values for AAEMs in mixed alkaline anion forms. Fig. 3.20 shows 
the difference in conductivity of a sample of S80 AAEM submerged in continuously 
nitrogen purged water in all three forms and an OH" form AAEM sample submerged 
in water that was purged with nitrogen only before measurements commenced. This 
experiment demonstrates that the presence of CO2 lowers the conductivity values 
that are measured. Interestingly, continuous nitrogen purging of conductivity cell 
resulted in generally lower conductivities compared with the pre-test nitrogen purged 
deionised water. This may be due to the agitation of the mini-membrane electrode 
assembly and the test cell caused while purging, the formation of bubbles could 
interfere with the measurements. The Ea of the carbonate and bicarbonate forms 
of AAEM were almost double that of the OH" form AAEMs (nitrogen purged), 
demonstrating the poor ionic conduction of the CO3 " and HCO3  anions. The Ea for 
the AAEM (N2 pre-purged), AAEM (continuous N2 purged), bicarbonate form and 
carbonate form are; 3.3 ±  0.7 kJ mol"^, 4.6 di 0.6 kJ mol"^, 6.8 ±  0.6 kJ mol“^and
1 1 0
8.5 di 0.6 kJ mol"^. The high Ea for the carbonate form AAEM is due to the 
large ionic radius of the carbonate ions and reduction of the ionic cluster structure, 
however these Ea are lower than reported in the literature of ca. 23.03 kJ mol"^ for 
a polysulfone-based quaternary ammonium membrane [35].
Despite the low carbonate and bicarbonate conductivities, these results can be 
used to estimate the hydroxide conductivity. Yan and Hickner [33] determined that 
the hydroxide conductivity is 3.8 times higher than bicarbonate conductivity. This 
estimation calculation (calculated form the bicarbonate conductivities) correlates 
with the readings made at 20°C at 30°C. However, at increasing temperature (increa­
sing test time/exposure to air) the hydroxide conductivity drops below the estimated
0.1026 S cm“  ^ (calculated from the bicarbonate results) only reaching ca. 0.064 S 
cm"^, again highlighting the requirement for changes to the hydroxide conductivity 
test method.
I l l
0.09
0 .0 8 -
0 .0 7 -
«  0 .0 6 -
^  0 .0 5 -  
*>
"f: 0 .0 4 -
oooo0.02-
0.01-
0.00
20 3 0 4 0 5 0 6 0
Temperature (°C)
- 1.0
- 1.2
-1 .4rH
Euto
- 1.6
0
- 1.8
- 2.0
- 2.2
3 .0 3 .2 3 .4
1 0 0 0 / I  (K ^)
Figure 3.20: Effect of counter anion on through-plane ionic conductivity (graph 
on top) with increasing temperatures (20 - 60°C) of electron-beamed ETFE-based 
radiation-grafted AAEM (S80). •  are AAEM samples in the OH" form submerged in 
water that was previously purged with nitrogen before testing. #  are AAEM samples 
in the OH" form in water that is continuously nitrogen purged during testing, o 
are AAEM samples in the COg" form in water that is continuously nitrogen purged 
during testing. Q are AAEM samples in the HCO3 form in water that is continuously 
nitrogen purged during testing. SD (n = 6) and means are represented by the 
horizontal lines. The log a (S cm"^) vs. 1000 /  T (K"^) plot (graph on bottom) of 
the arithmetic mean calculated from the ionic conductivities shown in graph on left. 
The lines indicate the linear regressions.
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3.4 Summary
This study investigates the effect of many synthesis variables on the properties of 
the resulting RG-AAEMs developed for application in alkaline polymer electrolyte 
fuel cells. The main conclusions are:
1. Preliminary investigations found no significant variation in membrane proper­
ties within and between the 5 grafted sheets of an AAEM synthetic batch.
2. The NMR results indicated little difference between VBC batches (Old and 
New), however, the slight lowered contents of inhibitor in the Old VBC batch 
enhanced grafting levels improving the final AAEM properties.
3. The reuse/recycle of used VBC improved the properties of the resultant AAEM, 
however increased the WU to concerning levels.
4. The dilution of VBC monomer resulted in adequate AAEM properties, further 
dilution needs to be investigated.
5. Most significantly, the EB-ETFE films can be used to synthesise viable AAEMs 
even after storage at -36 ±  2°C for 16 months.
6. The AAEMs exhibited ion-exchange capacities in the range 1.0 -  1.8 mmol g"^  
and ionic conductivities (through plane, fully hydrated) in the range 20 -  40 
mS cm‘  ^ at room temperature.
7. The ionic conductivities of the AAEMs are insensitive to the EB-ETFE storage 
time (up to the 16 months of this study).
8. The previously reported bubble formation phenomenon (within the AAEMs) 
is a major interference in the determination of swelling and water uptake pro­
perties. This interference appears more prominent at longer EB-ETFE cold 
storage times.
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9. Water uptakes are too high for optimal utilisation in fuel cells and AAEMs 
with improved ionic conductivities and lower swelling are required.
The techniques used in this study (to measure thickness increases, area increases, ion- 
exchange capacity and ionic conductivity) are useful for rapid routine measurements 
when relative standard deviations of less than ca. 20% are acceptable. A more 
rigorous methodology is essential in order to determine the ionic conductivity of 
AAEMs that are purely in the hydroxide (OH ) anion forms; this will involve the 
scrupulous exclusion of carbon dioxide in every step of the method. Future method 
development is needed to improve the precision of the techniques, whilst ensuring 
they can still be conducted routinely and rapidly (to allow for multiple samples of 
the same membrane to be simultaneously analysed with statistical rigour). This 
includes the development of a method for ensuring the AAEMs are in the OH’ form 
during measurements of ionic conductivity.
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Chapter 4
Novel AAEMs Synthesised with 
1,4-diazabicyclo [2.2.2] octane 
(DABCO)
4.1 Synthesis and ex situ Characterisation of Novel 
Membranes
4.1.1 Introduction to the Studied Amines or Diamines
The monoamine, trimethylamine (TMA) is the most common quaternising agent in 
the literature for the synthesis of AAEMs [20, 46, 26, 31]. Alternative monoamines 
have been investigated [40, 17, 25] as well as mixed monoamines/diamines [34, 35] 
for the synthesis of alternative AAEMs with different properties. The addition of 
diamines has been found to improve both the ionic permselectivity and the chemi­
cal/structural stability of the resultant membrane [24]. The comparative chemical 
stability (especially in base) of monoquaternised and diquaternised diamines has also 
been investigated: It is generally concluded that the monoquaternisation of diamines
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results in higher stabilities then diquaternised diamines [3]. The méthylation of the 
inactive (non-ionic) tertiary amine (TA) group on monoquaternised diamines has 
been found to improve the ion-exchange capacity (lEC) and hydrophilicity of the 
membrane [49, 54] but can result in lower chemical stability.
Monoquaternised 1,4-diazabicyclo[2.2.2]octane (DABCO), a caged diamine, is 
considered a suitable alternative to the standard TMA quaternising agent and has 
been found to be more chemically stable [1, 21, 6, 50]. However, DABCO is a weaker 
base than TMA. Alkylation of monoquaternised DABCO has also been investigated, 
using a,oc'-dibromo-p-xylene (DBX), creating hypercrosslinked AAEMs [32, 33].
This study compared the properties of novel RG-AAEMs synthesised using al­
ternative amines and diamines (listed in Table 4.1) [3, 11, 39] to the standard TMA- 
based RG-AAEMs. These amine and diamine reactions are displayed in Fig. 4.1.
Table 4.1: A list of the amines and diamines used for the synthesis novel RG-AAEMs 
in this study.
Chemical Name Abbreviation Structure pKa^ Stability
half-life
(min)^
Trimethylamine TMA
CH3
9.8 29.1
1,4-
diazabicyclo[2.2.2] octane
DABCO 0
8.82
&
2.97
Mono =  42 
Di =  2.3
Dimethylamine DMA
H
H gC '^ ^ C H a 10.73
"P <a of ammonium salt in water.
^Stability half-life of mono/diquaternised amine and diamines in 2 mol dm ^
aqueous KOH base at 160°C.
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Li.
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The DABCO quaternisation reaction can result in two possibilities: (1) The chem­
ical cross-linking of poly(VBC) chains (bound to the ETFE) with diquaternisation; 
or (2) Monoquaternisation (considered more stable [3]) resulting in a 1:1 mol ratio of 
quaternary ammonium (QA) functional groups and non-ionic TA groups. The mono- 
quaternisation of DABCO units can then undergo méthylation using iodomethane 
(Mel), potentially doubling the number of QA groups and the overall lEC (S80A1). 
The DMA reacted membranes (S80B) were synthesised for control experiments: 
In theory, reaction with DMA, subsequent washing with KOH (aqueous 1 mol 
dm“^), and ion-exchange back to the Cl“ anion form should yield all non-ionic TA 
head-groups only. Complete conversion to QA groups is anticipated on subsequent 
reaction with Mel (S80B1).
4.1.2 Membrane Synthesis
New membrane synthesis procedures have been altered slightly from the standard 
TMA-based RG-AAEM (S80) fabrication procedure to ensure complete amination.
4 .1 .2 .1  D ABCO  M embrane (S80A) Synthesis
An initial study was conducted to evaluate the possibility of reacting the TMA 
membranes (S80) with DABCO (to replace the trimethylammonium groups by nu- 
cleophilic displacement with DABCO). However, these initial attem pts to react the 
TMA-based RG-AAEM with DABCO resulted in non-replicable membranes and 
non-ideal properties (lEC of 1.54 db 0.18 mmol g“  ^ and a WU of 75 ±  15%). There­
fore, direct diamine quaternisation of the benzylchloride groups was selected with 
no intermediate TMA quaternisation reaction step. Preliminary investigations deter­
mined that adequate quaternisation of the poly(VBC) grafted to ETFE intermediate 
membrane can be achieved with 48 h reaction times at 70°C using 50%mass DABCO
1 2 1
dissolved in deionised (DI) water. The resultant S80A AAEM was then washed 
thoroughly with and stored in DI water until required.
4.1.2.2 D M A  M embrane (S80B) Synthesis (for Control Experim ents)
Similar to the standard TMA quaternisation as defined in Chapter 2, the DMA 
quaternisation was conducted at room temperature for 5 h by submersion of the 
ETFE-^-poly(VBC) in 40%mass DMA dissolved in DI water. The resultant membrane 
was thoroughly washed in and stored in DI water until required.
4.1.2.3 Iodom ethane (M el) Post-Treatm ent o f Tertiary A m ine Groups
The quaternisation of TA in preformed RG fiuoropolymer films has not been investi­
gated (to the best of my knowledge). The closest example found was of a poly(VBC)- 
filled poly(propylene) microporous host membrane precursor reacted with an excess 
of DABCO [33]. The DABCO quaternised membrane was alkylated with DBX to ob­
tain diquaternisation of the intermediate monoquaternised diamine. After removal of 
dimethylformamide solvent a hypercrosslinked membrane was cast; this is how most 
quaternisations of TA in the literature occur (in solution before polymer membrane 
casting).
Wang et al. performed quaternisation of dissolved poly(arylene ether sulfone) 
containing tertiary amine pendants at 30°C for 12 h in the dark with a small excess 
of Mel, using dimethylacetamide (DMAc) solvent. This gave a near 100% conver­
sion of tertiary amines (TA) into QA [49]. Alternatively, Zhang et al. quaternised 
poly(arylene ether sulfone) dissolved in toluene and A-Methyl-2-pyrrolidinone, con­
taining tertiary aliphatic side chains, with Mel at 20°C for 24 h. The mole ratio of 
Mel to tertiary amine groups was 2:1 to ensure complete conversion of the TA units 
into the QA moieties [54].
Preliminary experiments for the quaternisation of preformed RG-AAEM (S80B)
1 2 2
determined that a higher reaction temperature of 40°C (Mel boiling point =  42°C 
[41]), a large excess of Mel (as raised temperature may cause instability and decom­
position of the Mel) and a reaction time of 24 h in DMAc solvent was required. These 
reaction parameters ensured significant quaternisation via increased diffusion of Mel 
into the ETFE-p-poly(VBC), compared with the experimental conditions (described 
above) needed for the quaternisation of dissolved polymers. DMAc solvent is able to 
solvate (insoluble) polymers with both hydrophilic and hydrophobic components [9], 
allowing enhanced Mel diffusion into the the membrane (even after the membrane 
surface has been quaternised). Both DABCO-based S80A and DMA-based S80B 
were reacted with Mel using this method (the resulting membranes are designated 
S80A1 and S80B1, respectively). The Mel treatment of membranes results in the 
iodide anion form, that requires excessive ion-exchange and storage in aqueous KCl 
solution (1 mol dm“ )^ to convert to the standard Cl“ form and remove any possible 
interferences in the characterisations caused by the 1“ counter anion.
All of the membranes can be ion-exchanged into the 0 H “ form (required for 
certain tests) via submersion over 1 h using aqueous KOH solution (1 mol dm“^), 
with the KOH solution changed at least twice over this 1 h period.
4.1.3 Membrane Characterisation
4.1.3.1 Thickness Increases (TI)
There is little difference in TI between S80, S80A and S80A1 membranes (in the range 
20 - 30%). The thickness increases of S80B and S80B1 membranes were extremely 
low (ca. 5%); again the Mel treatment process does not lead to a significantly in­
creased TI. The DMA-based membranes (visually) appeared extremely hydrophobic 
in nature, which is corroborated by both the WU and the TI data (see later).
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Figure 4.2: TI at room temperature of the AAEMs synthesised compared with the 
standard TMA-based AAEM (S80) as benchmark. The error bars represent sample 
SD (n =  3 for all samples except 880 where n =  6). EB facility 2 (Isotron, South 
Marston) was used for all samples. Some data points are offset from the centre (along 
the T-axis) to avoid overlapping.
A large variation in repeat measurements of TI was observed for the S80A mem­
brane. This variation highlights the necessity of increasing n in future studies. These 
large variations may also indicate that the S80A AAEM contained mixed areas of 
diquaternised (crosslinked) and monoquaternised DABCO units across the body of 
the membrane (composition unknown).
4.1.3.2 A rea  Increases (AI)
The AI decreased slightly (compared with S80) when DABCO was used as a quater­
nising agent. The AI decreased further after the subsequent reaction with the Mel 
methylating agent (S80A1). After the subsequent treatment of the S80B membrane
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with Mel (S80B1) the AI increases slightly, echoing previous observations. The AI 
of the S80 AAEM is greater than the TI, indicating that lateral expansion of the 
membrane is more prominent than through-plane expansion.
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Figure 4.3; AI at room temperature of the AAEMs synthesised compared with the 
standard TMA-based AAEMs (S80) as benchmark. The error bars represent sample 
SD (n =  3 for all samples except S80 where n =  6). EB facility 2 (Isotron, South 
Marston) was used for all samples. Some data points are offset from the centre (along 
the T-axis) to avoid overlapping.
4.1.3.3 Gravimetric W ater Uptake (W U)
The WU of the S80A decreased compared to the WU of the S80 AAEM. This is 
consistent with a small degree of chemical crosslinking, attributed to diquaternised 
DABCO, or lower ion-exchange capacity. The introduction of crosslinking will reduce 
WUs and thicknesses of the AAEMs [19, 40]. The standard S8Ü AAEM has a very 
high WU of ca. 70% (compared with the WU of 38% for Nafion 117 proton-exchange 
membrane [8]); such a high WU is not ideal for fuel cell application as excess swelling
1 2 5
can increase the fragility and mechanical degradation of the membrane [36, 27].
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Figure 4.4: WU at room temperature of the AAEMs synthesised compared with 
the standard TMA-based AAEM (S80) as a benchmark. The error bars represent 
sample SD (n =  3 for all samples except S80 where n =  6). Electron beam (EB) 
facility 2 (Isotron, South Marston) was used for all samples. Some data points are 
offset from the centre (along the x-axis) to avoid overlapping.
When comparing the S80A membrane with its Mel treated analogue (S80A1) the 
WU decreased further. The reason for this is unknown as the méthylation of the 
TA on the monoquaternised DABCO (if present) should increase the number of ion- 
exchange sites and increase the hydrophilicity (improved hydration). As expected 
when the S80B membrane (very low WU) was treated with Mel (S80B1) the WU 
increased slightly. However, this increase was not sufficient enough to indicate com­
plete méthylation of the TA groups; the WU of S80B1 is only 20% (not the 70% for 
S80). This result highlights the hydrophobic nature of the DMA-based membranes 
even after iodomethane treatment.
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4.1.3.4 Through-plane Ionic C onductivity
As expected, it is clear that the ionic conductivity was highest with quaternisation 
using TMA (S80). The S80A membrane showed a slight decrease compared to S80 
but this reduction was not as significant as has been expected from reports in the 
literature [1, 43]. The treatment of S80A with Mel (S80A1) led to a reduction in 
the through-plane ionic conductivity, following the trend of previous characterisa­
tion tests. As previously discussed in Chapter 3, the conductivity characterisation 
methodology requires further development to remove any inference by carbonate (i.e. 
CO2 exclusion at all steps in the method).
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Figure 4.5: Through-plane ionic conductivities (in DI water) of electron-beamed 
ETFE-based radiation-grafted AAEMs (aminated using alternative mono-/di­
amines) compared with the standard TMA-based AAEM (S80) as benchmark. SD 
(n =  3 for all samples except S80 where n =  5) where the means is represented by 
the horizontal lines. EB facility 2 (Isotron, South Marston) was used for all samples. 
Some data points are offset from the centre (along the a;-axis) to avoid overlapping.
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The DMA-based AAEMs (S80B and S80B1) had extremely low ionic conduc­
tivities (ca. 0.0008 and 0.004 S cm“ ,^ respectively) and this correlates with the 
poor properties observed in the previous tests. However, the méthylation of the 
DMA groups should result in QA groups increasing the ionic conductivities to lev­
els observed for the TMA-based AAEM (S80). A slight increase is observed upon 
méthylation using Mel but not to a significant level (for adequate fuel cell opera­
tion). Further studies are required to fully understand the reaction processes in the 
méthylation step to determine the resultant effect on final AAEM properties.
4.1.3.5 F T -R am an  S pectroscopy
To determine any significant changes between the alternative amine and diamine 
functionalised AAEMs, the Raman spectra were recorded (fingerprint region pre­
sented in Eig. 4.6).
The peaks labelled a  (1440 cm“ )^ and d  (944 cm“^), represent CH2 scissoring 
[53, 38] and C-C stretching [30, 42] respectively, and are both present in the base 
ETFE spectrum, therefore appearing in all spectra. Additionally, the sharp peak I I I  
at 834 cm“  ^ (between peak e and f) appears in all spectra indicates C-C stretching 
[13, 42]. The important peak b  (1266 cm“^), corresponding to the CH2-CI group 
which appears in the spectra of ETEE-^-poly(VBC) only [16], is no longer visible 
after reaction with TMA, DABCO or DMA, indicating complete quaternisation [47]. 
Peak g at 646 cm“  ^ is also related to the poly(VBC) group and was present in all 
AAEM spectra; it corresponds to the C-C twisting mode of the aromatic ring [29]. 
The small peaks c at 974 cm“ ,^ e at 900 cm“ [^7], and f  at 764 c m " \ are only present 
in the spectra of S80 and S80B1 membranes and are due to CH3 group bending [44] 
and stretching [23]. These peaks indicate the successful iodomethane treatment of 
the DMA-based AAEM despite the poor physical and electrochemical properties 
observed. However, this peak does not appear in the spectrum of the Mel treated
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S80A (S80A1) AAEM suggesting no méthylation had occurred.
The circled peak 1 at 805 cm“  ^ (one peak two potential modes) appeared only in 
the DABCO quaternised AAEM (S80A) and is due to the C-N stretching vibration
[2] and cage breathing of the DABCO moiety [15]. The single peak 2  at 728 cm“  ^
for the iodomethane analogue (S80A1, small peak also observed for S80B1) could 
be related to either small residual traces of C-I or C-Cl bending from residual 
ploy (VBC) CH2-CI group [37]. The double peaks circled as 3 in the spectrum of 
S80A at 700 cm“  ^ (also in the spectrum of ETFE-^-poly (VBC) ) suggests incomplete 
amination when using DABCO as these peaks are related to CH2-CI (C-Cl stretching 
[10, 18, 12]). This is unlikely to be due to the loss of the more prominent peak b 
(1266 cm~^), therefore further investigation is required. The small peak 4 circled at 
570 cm“  ^ corresponds to one of the NC3 bonds of DABCO cage (the other bonds 
are represented by the small peaks at 332 and 424 cm“ )^ [15].
The broad peaks near peak b at 1297 -1329 cm“  ^ indicate CE and CF2 bending of 
the ETEE backbone [28]. Peaks IV  and V  in all spectra represent the CE2 stretching 
[14, 16] and rocking vibration modes [14] of the base ETFE. The sharp peaks I  at 
1600 and I I  at 1001 cm“  ^ represent the C==C [22 , 42] and C-C [44, 16] aromatic ring 
breathing vibrations, respectively, therefore both appear in all spectrum apart from 
that of the ETFE base material (not containing an aromatic ring until subsequent 
reaction with VBC).
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4.2 Routine Titration Methods for the Determina­
tion of the Tertiary and Quaternary contents
4.2.1 M ethod Development
The standard acid/base back-titration (ABBT) method (described in Chapter 2) 
cannot distinguish between quaternary and tertiary contents. Therefore, it is not ad­
equate for the characterisation of novel AAEMs that potentially contain TA groups 
(RgN :, non-ionic weak-base), QA groups (R4N+ Cl", functional strong-base) or mix­
tures of them both. Consequently, an alternative characterisation technique is re­
quired to determine the chemical structure of the head-groups in the novel AAEMs.
Komkova et al. [24] determined the lEC of the AAEMs by titration with aqueous 
AgNOs (0.1 mol dm“^) using a silver indicator electrode. The lEC was determined 
in two steps:
1 . The exchange capacity of tertiary ammonium groups (ECt) was determined 
by the initial immersion of the AAEM in aqueous HCl (1 mol dm“^). After 
thorough washing with deionised (DI) water (to remove excess sorbed HCl) 
the AAEMs were subsequently submerged in 50 cm^ of aqueous ammonium 
hydroxide (NH4OH, 0.15 mol dm“ )^ with stirring for 1 h. This was anticipated 
to deprotonate the tertiary ammonium groups (releasing Cl"); the NH4OH 
solution was renewed twice to ensure complete exchange. The solutions were 
then combined, neutralised with concentrated HNO3 and titrated with aqueous 
AgN0 3  (0.1 mol dm"^) using a silver electrode (Fig. 4.7).
131
^ 1 /
Cl
TA HgO
KOH
1 KCl
HCl
H Protonated
%
NH4OH
NH4 Cl
amount of Cl' m easured via titration with AgNOs
Figure 4.7: Schematic of the tertiary titration method.
2 . The ion-exchange capacity (lEC) of the QA groups (IECq) was determined by 
the initial immersion of the membrane (in the chloride form) being submerged 
into aqueous sodium sulfate (Na2S0 4 , 1.5 mol dm"^) solution under stirring for 
24 h to replace Cl" with SO 4" ; the Na2S0 4  solution was renewed twice to ensure 
complete exchange. The Na2S0 4  solutions were then combined, neutralised 
with concentrated HNO 3 , and titrated with aqueous AgN0 3  (0.1 mol dm"^) 
using a silver electrode. The membrane was washed with water and dried in 
an oven at 50°C until a constant weight was obtained. The IECq and E C t 
(method 1, above) was calculated in mmol g^^ as follows: lEC =  volume of 
AgN0 3  (cm^) X concentration of AgN03  (mmol cm"^) /  mass of dry membrane 
(g). The sum of IECq and E C t was taken as the total exchange capacity 
(ECTot) of the membrane.
Similar procedures for the determination of IECq and ECt to calculate E C ^t were 
conducted for anion-exchange resins [52]. However, the chloride ECTot can also be 
measured (using the Mohr titration) as described by Yan and Hickner [51]. Approx­
imately 0.15 g of membrane was ion-exchanged in aqueous HCl (0.5 mol dm"^) for
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24 h (solution changed three times) and then washed with DI water. The membrane 
was then immersed in 50 cm^ of aqueous sodium nitrate (NaNOg, 0.2 mol dm“ )^ 
for 8 h with three changes in solution. All the NaNOg solutions were combined and 
titrated with aqueous AgNOg (0.1000 mol dm“^), using K2Cr0 4  as a colorimetric 
indicator. After titration, the membrane was dried and weighed to allow for the 
calculation of the lEC.
The tertiary, quaternary and total ammonium (weak, strong and total-base, re­
spectively) contents of the AAEMs were measured as follows, using modifications of 
the above reported methods:
T ertiary , E C t:  Multiple pieces of ca. 2 cm^ AAEMs were pre-converted into the 
OH" form by exchange using aqueous KOH solution (1 mol dm"^) before sub­
mersion in aqueous HCl solution (1 mol dm"^) for 1 h; the HCl solution was 
refreshed twice during this 1 h. The HCl solution protonates the weakly ba­
sic TA groups within the membrane (illustrated in Eig. 4.7). The membrane 
pieces were thoroughly washed with DI water to remove any excess HCl be­
fore being divided equally into test vessels and immersed in 10 cm^ of aqueous 
NH4OH (0.1022 mol dm"^, Eluka Analytical) with stirring. After 20 min the 
NH4OH solution was removed from the test vessel (and retained) and 10 cm^ of 
fresh aqueous NH4OH was added with stirring. This process is repeated once 
more until 30 cm^ of NH4OH solution was collected and combined with 2 x 10 
cm^ DI water washes (creating a total of 50 cm^ of solution). The OH" of the 
NH4 OH" solution deprotonates the protonated tertiary amine groups releasing 
the chloride counter ions into the combined solutions. The 50 cm^ combined 
solutions were acidified with 5 cm^ of aqueous HNOg solution (2 mol dm"^) 
ready for potentiometric titration using a silver combined electrode (Ag titrode 
6.0430.100 Metrohm) and aqueous AgNOg solution (0.02 mol dm"^ ±  0.00006,
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Fisher Scientific) with an automated Metrohm 848 titrino plus titrator. The 
membranes were then converted back into the Cl" form by submersion in aque­
ous KCl solution (1 mol dm"^) for 1 h (refreshing the KCl solution every 20 
min), rinsed with DI water, and then dried in a desiccator (containing CaCl2 
desiccant) for 7-H days before being weighed. The E C t was calculated from 
the titration end-point volume (point of maximum rate of change in voltage 
by differentiation of the voltage versus volume curve) after calculation of the 
amount of AgNOg added. The ratio of AgNOg to Cl" ions is 1:1, therefore the 
moles of chloride ions is equal to the number of moles of AgNOg consumed to 
precipitated AgCl(s) to reach the titration end-point (Eq. 4.1). Blanks con­
sisting of 30 cm^ of NH4OH solution (0.1022 mol dm"^), 20 cm^ of DI water 
and 5 cm^ of HNOg (2 mol dm"^) and blanks containing a known concentra­
tion of Cl" anions were also titrated in parallel to samples. All blank samples 
(> 3 repeats) were tested to ensure silver electrode and titration instrument 
calibration.
Ag+
ECT.QorTot =  (A A E M  C l-)
The IE C q , E C t  and ECTot is given in mmol g"^. Ag+ represents the amount 
of AgNOg added to reach the titration end-point (mol), and rridry{AAEM Cl") 
is the mass of the dried membranes in the chloride ion form (g).
Q u a te rn a ry , IE C q: The AAEMs were pre-converted into the OH" form (as for the 
E C t method) before submersion in aqueous KCl solution (1 mol dm"^) for 1 h; 
the KCl solution was refreshed twice during this 1 h. The exchange with KCl 
solution ensures the presence of chloride counter ions at the QA groups only 
(illustrated in Fig. 4.8). The membrane pieces were thoroughly washed with 
DI water to remove any excess KCl before being divided equally and immersed 
in 10 cm^ NaNOg (2 mol dm"^, Fisher Scientific) with stirring. After 20 min
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the NaNOs solution was removed from the test vessel (and retained) and then 
10 cm^ of fresh NaNOs was added with stirring. This process is repeated once 
more until 30 cm^ of NaNOs solution was collected and combined with 2 x 
10 cm^ DI water washes (creating a total of 50 cm^ of solution). The nitrate 
anion of the Na^NOg solution replaces the Cl~ counter-ion releasing it into the 
combined solution. The 50 cm^ combined solutions were acidified with 5 cm^ 
of aqueous HNOs solution (2 mol dm~^) ready for potentiometric titration (as 
with the tertiary method). The membranes were then converted back into the 
Cl“ form, rinsed with DI water then dried in a desiccator (containing CaCl2 
desiccant) for 7 +  days before being weighed. The IE C q was calculated in the 
same way as above (Eq. 4.1). Blanks consisting of 30 cm^ of NaNOs solution 
(2 mol dm“^), 20 cm^ of DI water and 5 cm^ of HNOs (2 mol dm“ )^ and blanks 
containing a known concentration of 01“ anions were also titrated in parallel to 
samples. All blank samples (> 3 repeats) were tested to ensure silver electrode 
and titration instrument calibration.
Total, ECTot- This method is similar to the Quaternary test (above), but instead of 
the KOI exchange after initial KOH conversion, the membranes were exchanged 
with aqueous HCl (1 mol dm“ )^ for 1 h; the HCl solution was refreshed twice 
during this 1 h. The HCl solution ensures the presence of chloride counter ions 
at both the tertiary (now protonated) and QA groups (illustrated in Fig. 4.8). 
The membrane pieces were thoroughly washed with DI water and immersed 
in 10 cm^ NaNOs (2 mol dm“ ,^ Fisher Scientific) with stirring. After 20 min 
the NaNOs solution was removed from the test vessel (and retained) then 10 
cm^ of fresh NaNOs was added with stirring. This process was repeated once 
more until 30 cm^ of NaNOs solution was collected and this was combined 
with 2 X  10 cm^ DI water washes (creating a total of 50 cm^ of solution). The
135
nitrate anion of the Na+NOg solution replaces the Cl~ counter-ion of both the 
protonated tertiary and QA group, releasing it into the combined solutions. 
The 50 cm^ combined solutions were acidified with 5 cm^ of aqueous HNOg 
solution (2 mol dm“ )^ ready for potentiometric titration (as for the IE C q and 
E C t tests). The membranes were then converted back into the Cl“ form, 
rinsed with DI water and then dried in a desiccator for 7+ days before being 
weighed (as before). The ECTot was calculated in the same way explained 
above (Eq. 4.1). Blanks consisting of 30 cm^ of NaNOs solution (2 mol dm~^), 
20 cm^ of DI water and 5 cm^ of HNOs (2 mol dm“ )^ and blanks containing a 
known concentration of 01“ anions were also titrated in parallel to samples. All 
blank samples (> 3 repeats) were tested to ensure silver electrode and titration 
instrument calibration.
It was discovered that pre-treatment of the membrane with KOH was essential for 
the accurate determination of the IE C q and ECxot as shown in Fig. 4 .7  and 4 .8  some 
TA groups may already be quaternised via side reactions during synthesis. The KOH 
is used to deprotonate the quaternised TA groups if present.
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Figure 4.8: Schematic of new titration methods for the determination of quaternary 
(IECq) and total (ECxot) ammonium contents.
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Figure 4.9: Measured and calculated various exchange capacities (EC) of S80 (A), 
S80A (B) and S80B (C) membranes: The quaternary (IE C q ), tertiary ( E C t) ,  and 
total (ECxot) exchange capacities and standard acid-base back titration (ABBT - 
mass determined for Cl“ form) were measured. The calculated ECxot (Calc. ECxot) 
is calculated from (mean IE C q ) + (mean ECx) with the calculated error bar =
.y/SD| +  SD q (where SDx is the sample SD of the ECx results and SD q is the
sample SD of the IECq results). All other error bars represent the sample SD (n =  
5 for all but S80B results where n =  3).
It is clear from all the results (A, B an d  C in Fig. 4.9) that the replication of 
the methods described in the literature do not accurately determine the TA content. 
The ECxot is often calculated (as =  IE C q + E C x ); however the measured ECxot mean 
is significantly different from the calculated ECxot for all membranes (95% confidence 
level - unpaired 2-tailed Z-test - Hq rejected). Despite the poor ECx determination
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method, the IE C q  and ECxot procedures give consistent and expected results but 
do not always reflect results obtained with the standard ABBT method. The means 
and variances of the S80 IE C q , ECxot and ABBT results differ significantly (95% 
confidence level - one-way ANOVA - Hq rejected), but the standard ABBT method 
is less repeatable (greater variances) than obtained with the new Cl" titration tech­
niques. Therefore, the ABBT cannot be used to give exact details into the origins 
of the lEC of novel AAEMs (it represents neither tertiary, quaternary or measured 
total content in S80B membrane, which is expected to contain only TA groups after 
KOH washing).
In the DABCO-based membrane (S80A, B  in Fig. 4.9) the IE C q , E C to i and 
ABBT the variances differ (95% confidence level - one-way ANOVA - Hq rejected), 
however the means appear similar. This suggests that the standard ABBT method 
can reflect the functional QA content but suffers from lower repeatability.
It was postulated that the reason for measuring higher than expected E C t in 
the S80 and S80A membranes was due to the partial anion-exchange of OH" (from 
the NH4 OH") with the Cl" counter anion sited at the QA groups (Fig. 4.10). The 
lower than expected E C t in S80B membrane may also be due to interference caused 
by this anion-exchange process [24].
A n io n -ex c h a n g e
OH- +
OH- <
^   ^ NH4+ ci- +
HgC'^l
CH3
Figure 4.10: Schematic of the counter anion-exchange process, highlighting that the 
literature method is incorrect.
To investigate this issue further, a modifled method was conducted. Directly 
after the Cl" ion AgNOg titration step of the E C t  method, the membrane sample
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was soaked in 10 cm^ of aqueous KCI (1 mol dm"^); the solution was refreshed every 
20 min over 1 h. The eluate was collected and combined for back titration with 
aqueous HCl (0.1041 mol dm“ )^ with a pH electrode to determine the OH" content 
(released into the solution as the chloride ion in HCl replaces the OH" counter ion 
at the QA group, the reverse of the reaction in Fig. 4.10) [52, 24, 51]. The new ECt 
was then calculated as the measured amount ECt - amount OH" released.
The additional titration step improved the measured E C t for both S80 and S80A 
membranes (A an d  B, respectively in Fig. 4.11); the measured ECTot was consistent 
with the Calc. E C ^t value as the means did not differ significantly (95% confidence 
level - unpaired 2-tailed t-test - Hq accepted). However, the modified method did 
not affect the S80B membrane results (C in Fig. 4.11). Therefore, due to the 
complications of the accurate measurement of E C t  and the higher variations between 
repeat measurements observed in both the altered and original E C t procedures, it 
was decided that in all future experiments, E C t was to be determined by calculation 
from the more repeatable IE C q  and E C ^t titration results (that do not require an 
extra titration step).
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Figure 4.11: Measured and calculated various exchange capacities (EC) of S80 (A), 
S80A (B) and S80B (C) membranes: The measured IECq , EC t , ECTot and standard 
ABBT (mass determined in Cl" form) results using the alternative multi-titration 
step method for ECt - The Calc. ECTot is calculated from (mean IEC q) +  (mean
ECt ) with the error bar representing +  SDq . The Calc. EC t is calculated
from (mean EC%t) - (mean IECq) with the error bar representing ^^SEg +  SD^^^
(where SDTot is the sample SD of the E C ^t and SDq is the sample SD of the IECq). 
All other error bars represent sample SD (n =  3 for all but S80B results where n = 
5). The IECq , EC%t and ABBT determinations were re-run on fresh samples, hence 
they differ from the values presented in Fig. 4.9.
4.2.2 Results and Discussion
The newly developed AgNOg titration techniques for the determination of IEC q and 
ECTot (and indirectly ECt ) were used to investigate the novel head-group membranes
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synthesised using the alternative mono-/di-amines.
The ECTot values of 1.5 mmol g“  ^ (B in Fig. 4.12) were obtained for all AAEMs, 
except for the Mel treated DABCO-based AAEM (S80A1), demonstrating that 
the amines reacted completely with all available benzyl chloride sites within the 
ETFE-^-poly(VBC) film. The loss of E C ^t in the S80A1 AAEM could be due to the 
iodomethane reagent removing the DABCO-based head-groups (as di-methylated 
DABCO salts are possibly released into solution) [45].
The IE C q  results (A in Fig. 4.12) indicate that the AAEM quaternised using 
DABCO (S80A) contained only QA groups. This is consistent with additional chem­
ical crosslinking of the membrane via the diquaternisation of the diamine DABCO 
moiety. As mentioned before, diquaternised DABCO units are well known as being 
less chemically stable to alkali than those containing monoquaternised DABCO [3] 
(this will be investigated later). The titration experiments are satisfactorily validated 
as the DMA reacted AAEM (S80B) contains little QA groups as expected (A in Fig. 
4.12), whilst the TMA quaternised AAEM (S80) is almost totally quaternary, which 
again is to be expected from previous investigations and the synthetic methodology. 
Additionally, the S80B AAEM that was subsequently reacted with Mel caused a 
complete reversal in the above result and contained predominately QA groups and 
no tertiary groups (A and C in Fig. 4.12).
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Figure 4.12: Measured IECq (A) and ECxot (B) of all AAEMs synthesised compared 
with the standard TMA-based AAEM (S80) as benchmark. The error bars represent 
sample SD (n =  5 for all samples). EB facility 2 (Isotron, South Marston) was used 
for all membranes. E C t of all AAEMs (C) was calculated from (mean ECTot) -
(mean IECq ) with the error bar representing ^ S D q +  SD|^^ (where SDTot is the
sample SD of the EC%t and SDq is the sample SD of the IECq ).
Conhrmation of these results was undertaken by using an ion-chroniatography 
method. The AAEMs were pre-converted into the 0 H “ form (as for the all titration 
methods) before submersion in aqueous KCI solution (1 mol dm~^) for 1 h for deter­
mination of IECq and aqueous HCl solution (1 mol dm“ )^ for 1 h for determination 
of ECTot; the KCI or HCl solutions were refreshed twice during this 1 h (reflecting 
the above titration methods). The membrane pieces were thoroughly washed with 
DI water and ion-exchanged with 30 cm^ aqueous KOH solution (1 mol dm“^) with
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stirring. After 20 min the KOH solution was removed from the test vessel (and 
retained) then 30 cm^ of fresh KOH was added with stirring. This process was re­
peated once more with 40 cm^ of fresh KOH solution until 100 cm^ was collected and 
this was combined with 900 cm^ DI water (creating a total of 1000 cm^ of solution). 
The hydroxide anion of the K+OH“ solution replaces the CD counter ions, releasing 
them into the combined solutions. Around 5 cm^ of this solution was then injected 
into the ion-chromatography instrument. The hydroxide anions are not visible in 
the chromatograph, therefore only the chloride ions produce a peak. The area un­
der the peak is determined and the concentration of CD ions is calculated from the 
previously obtained calibration curve standards (1 xlO“® - 1 xlO“  ^ mol dm“ ,^ B 
in Fig 4.13). The ECt was calculated from (mean E C ^t) - (mean IECq). These 
experiments yielded similar results (A in Fig. 4.13).
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Figure 4.13; IE C q  and ECTot determinations using ion-chromatography (A ) for all 
AAEMs synthesised using the alternative mono-/ di-amines compared with standard 
TMA-based benchmark AAEM (S80). E C t  of all AAEMs was calculated from (mean 
ECTot) - (mean IE C q ). EB facility 2 (Isotron, South Marston) was used for all 
membranes. Ion-chromatography calibration curve (B ) of standard solutions with 
linear regression and resulting y =  mx c and used for calculations. The error 
bars represent sample SD [n =  3).
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4.2.3 Long-term Chemical Stability of 880 and S80A Mem­
branes
The determination that the S80A contains chemical crosslinks due to complete di­
quaternisation of the DABCO may be further indicated by a reduction in chemical 
stability over the standard TMA-based AAEM (S80) [3]. The chemical stability of 
both membranes was investigated using the newly developed AgNOg titration meth­
ods to determine any increases in TA groups (caused by the de-methylation of the 
QA [5, 4]) or overall lEC loss. The chemical degradation of the AAEMs was con­
ducted by submersion of the AAEMs over a period of 15 weeks in both DI water and 
aqueous KOH (1 mol dm“^) solutions under constant stirring at 60°C.
Graphs A  an d  B in Fig. 4.14 show that the IECq contents for both the S80 
and S80A AAEMs decrease slightly in the first 6 weeks when submerged in water 
or aqueous KOH (1 mol dm“ )^ at 60°C with a subsequent plateau at ca. 1.2 mmol 
g“ .^ These results indicate that the DABCO quaternised AAEM (S80A) is as stable 
as the standard TMA quaternised AAEM (S80) in both media for up to 15 weeks, 
contradicting previous literature [3]. However, carbon dioxide was not rigorously 
excluded, therefore, the more stable COg" and/or HCO3 (weaker nucleophiles) forms 
may be present (particularly problematic for stability testing) [55, 48].
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4.3 Summary
This study investigated the properties of novel RG-AAEMs and the development of 
a new titration characterisation technique. The main conclusions from this chapter 
are:
1. Successfully synthesised novel AAEMs quaternised with alternative mono-/di- 
amines and compared the properties to standard TMA quaternised AAEMs.
2. Developed and validated a new titration method for determining the quater­
nary, tertiary and total exchange capacities of the AAEM: Confirmation of 
these results was obtained using ion-chromatography.
3. Méthylation of the TA groups in the DMA reacted AAEM resulted in an almost 
complete reversal to QA content: However, the expected increase in through- 
plane ionic conductivities and water uptakes were not observed (this requires 
further investigation).
4. The Raman spectroscopy spectra indicated the possible loss of DABCO moi­
eties during subsequent iodomethane treatment process. Indications of this 
were also observed in the ECxot determinations (this requires further investi­
gation).
5. The gravimetric water uptake results are consistent with the lEC of the TMA 
and DABCO quaternised AAEMs.
6. The TMA and DABCO quaternised AAEMs both exhibited ionic conductiv­
ities (through plane, fully hydrated) in the range 20 -  40 mS cm“  ^ at room 
temperature.
7. Good chemical stability was observed at 60°G for the DABCO and TMA 
quaternised AAEMs in both water and aqueous KOH (1 mol dm“^).
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The new DABCO-based AAEM (S80A) appears promising as it exhibits good chem­
ical stability and similar properties to the standard TMA-based benchmark AAEM 
(S80). This indicates suitability for application in fuel cells and this is investigated 
in the next chapter.
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Chapter 5
Hydrogen Fuel Cell Tests
5.1 Introduction
The trimethylamine (TMA) and l,4-diazabicyclo[2.2.2]octane (DABCO) quaternised 
AAEMs (hydrated thickness 92 ±  3 and 97 ±  4 pm, respectively) were tested in a 
H2/O 2 fuel cell to determine their operational performances and for comparison 
with ex situ membrane characterisations (discussed in Chapter 4). All membranes 
were fabricated using SlONl ionomer (see Chapter 2), which has structural and 
chemical differences to the membranes. These differences are not ideal, increasing 
the disconnect between the ionomer and membrane, reducing the effectiveness of 
the three phase boundary (TPB). The V, V, V'-tetramethyl-l,6-hexanediamine 
(TMHDA) functional group of the ionomer (miscible in water [4]) is hydrophobic 
reducing the possibility of electrode flooding, highlighting the importance of water 
management throughout the membrane electrode assembly (MEA). Although the 
carbon paper is already naturally hydrophobic, making the balancing of this feature 
key to performance [15]. The potential of a TMA-based ionomer would result in 
chemical similarities, however this type of ionomer is water soluble, reducing its 
stability within the catalyst layer (CL) and will be removed (washed out) during
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fuel cell operation.
However, without an ionomer the concentration of the TPB sites will be greatly 
diminished reducing both the access to and (potentially the) mechanical stability of 
the CL [6].
OH Ho
TMHDA
Figure 5.1: Schematic of SlONl alkaline ionomer.
The fuel cell performance curves for ME As (all with SIONl) recorded from high 
current density to open circuit voltage (OCV ? =  0 mA cm“^) are presented in Fig. 
5.2 and demonstrate the importance of membrane water management; hydrophobic 
(low WU, in Chapter 4) membranes exhibited lower fuel cell performances. The 
MEA peak power densities, OCV values and internal area resistances (Fig. 5.3) are 
summarised in Table 5.1. When interpreting these fuel cell results, the assumption is 
made that any variations will arise from the alternative membranes (the performance 
effects of the ionomer, anode and cathode are assumed consistent).
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5.2 Fuel Cell Results and Discussion
5.2.1 Alternative Membrane Tests Using Previously Devel­
oped Alkali Ionomer
The S80 MEA (containing a TMA quaternised AAEM) resulted in the highest OCV 
of 1086 mV and performance of 127 mW cm“ ,^ very close to that of S80A MEA 
(using a DABCO functionalised AAEM) with a OCV of 1075 mV and 124 mW cm“  ^
power density. The polarisation curves show the voltage of both S80 and S80A MEAs 
at 100 mA cm“  ^ current density (within the ohmic loss region) were also similar (ca. 
670 mV). The similar fuel cell performances of the S80 and S80A quaternised AAEMs 
was not expected from the ex situ property analysis (Chapter 4), as S80A AAEMs 
exhibited lower lEC and ionic conductivity than S80 AAEMs.
Iodomethane treated DABCO functionalised AAEMs (S80A1) resulted in a sig­
nificant drop in both fuel cell power density (72.2 mW cm“ )^ and voltage loss at 100 
mA cm“  ^current density (492 mV) reflecting the fall observed in the ex situ lEC and 
ionic conductivity combined with increased hydrophobicity. The hydrophobic DMA- 
based AAEM (S80B) resulted in a poor performance of 0.1 mW cm~^; as expected, 
the iodomethane treated DMA-based AAEM (S80B1) exhibited an improved power 
density of 38 mW cm“  ^ and voltage loss at 100 mA cm~^ current density (385 mV), 
although this performance is not to the expected levels achieved by the chemically 
similar TMA quaternised AAEM (S80).
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Figure 5.2: H2/O 2 fuel cell performance at 50°C with alternative head-group AAEMs 
(labelled inset) using SIONl alkaline ionomer. The top graph (open symbols) rep­
resent the Vceii vs. i polarisation curves and the bottom graph (filled symbols) 
represent the Pceii vs. i power curves, calculated from •
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Table 5.1; Summary of electrochemical data for the alternative head-group MEAs 
with standard electrodes containing SIONl alkaline ionomer.
MEA
Peak Power 
Density 
/  mW cm“^
OCV
/  mV
mV at 100 
mA^ /  mA
rb
/  Ü cm^
S80 127.68 1086 670 0.55 ±  0.070
S80A 124.32 1075 681 0.60 ±  0.063
S80A1 72.20 1071 492 1.19 ±  0.23
S80B 0.1356 1031 N/A 1213 ±  109
S80B1 38.50 1071 385 1.37 ±  0.15
^Obtained from Fig. 5.2 (polarisation curves).
Means and sample standard deviations (SD, n =  3 for S80B MEA, 16 for S80B1 
MEA, 17 for S80A1 MEA and 27 for S80 and S80A MEAs) from EIS data (Fig.
5.3).
As observed in Fig. 5.2, the extremely hydrophobic nature of the S80B AAEM 
prevents sufficient fuel cell performance in the MEA, for accurate internal area re­
sistance and EIS data to be collected. All other MEA internal area resistance plots 
are displayed in Fig. 5.3.
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Figure 5.3: Area resistance plots versus log i for alternative head-group AAEMs 
(labelled inset) using SIONl alkaline ionomer. The symbols represent area ohmic 
resistance data measured using EIS during test.
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This is an indication of the poor hydrophilicity (low WU) increasing the resistance 
at the TPB and the contact resistances between the electrode and membrane, this 
combined with the low lEC and ionic conductivity diminishes the function of the 
AAEM within MEA of a H2/O 2 fuel cell. All the area resistances (ohmic resistances) 
of the ME As decrease with increasing i due to two factors; a) the driving force for 
the oxygen reduction reaction gradually increases; therefore, the charge transfer 
resistance of the single cell gradually decreases, and b) the electro-generation of 
water increases (with current density) improving hydration of the MEA; therefore, 
improving ionic conductivity [3].
The area resistance of S80 and S80A MEAs remained almost constant through 
all current densities, indicating that the membrane resistance is not the primary 
contributor to the decrease in performance at high power densities. Despite the ob­
served decrease in area resistance at higher currents, the iodomethane treated MEAs 
(S80A1 and S80B1), the polarisation curve voltage remained unaffected. The simi­
lar area resistance of S80A1 and S80B1 MEAs was not expected, as large differences 
were observed in the previous ex situ ionic conductivity tests. This smaller variation, 
may be partly due to the MEAs not being hot pressed before testing; application 
of the SIONl ionomer prevents adequate lamination [16, 9]; the internal ohmic re­
sistances measured also include contact resistances and the electronic resistances of 
the fuel cell components.
As all fuel cell test parameters are maintained for all alternative MEAs any 
electro-analytically determined features related to loss mechanisms are associated 
with the anion-exchange membrane component and the any alternate consequent 
interactions with the controlled ionomer (SIONl) fabrication. Other parameters 
which may effect fuel cell performance have not been investigated within this study. 
Future investigations will consider the effects of varying temperature and reactant 
composition of alternative MEAs performances.
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The Nyquist plots (Fig. 5.4) for the novel membrane MEAs (S80, S80A, S80A1 
and S80B1) held galvanostatically at 4 and 200 mA cm“  ^ respectively are recorded 
below and above the currents where mass transport limitations (flooding of elec­
trode) occur respectively (in Fig. 5.3) demonstrated by depletion of performance 
and presence of Warburg effect in electrochemical impedance spectroscopy (EIS) 
data.
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Eigure 5.4; Nyquist plots (from EIS) of the alternative head-group MEAs under 
galvanostatic control at % = 4 (top) and 200 mA cm“  ^ (bottom). 100 Hz is labelled.
All the MEAs exhibit two semicircles at low current density (4 mA cm"^). The 
high frequency arc (the shoulder to the larger medium frequency arc) occurs at a 
lower frequency than would be expected for such a feature (100 Hz in Fig. 5.4)
[8]. This high frequency shoulder was originally considered as originating from noise 
interferences [5, 7] or the ionic conduction within the catalyst layer |13]. A more 
recent interpretation is that it originates from the impedance of the hydrogen ox­
idation reaction (HOR) on the anode side [17, 2|. Therefore, the overlapping arcs
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represents the impedance response of both the oxygen reduction reaction (ORR, on 
the cathode) and the HOR. Zeng et al. [14] studied this phenomena using separate 
reference electrodes within both the anode and cathode of the fuel cell. Within this 
work, the two electrode only impedance setup cannot determine which electrode is 
responsible for each arc. Therefore, the medium frequency arc and high frequency 
shoulder will be considered together as a medium frequency arc (combined semicir­
cle) only. At the lower %, the high frequency a;-intercept for the MEAs are similar for 
both S80 and S80A (similar ohmic resistances). Similarly the iodomethane treated 
MEAs (S80A1 and S80B1) also exhibit comparable high frequency rr-intercepts to 
each other.
The combined semicircle diameter decreases when comparing MEA S80A to S80, 
this indicates that the total charge transfer resistance at this current density is 
reduced when using a DABCO quaternised AAEM within the MEA. This is again 
unexpected as TMA quaternised AAEMs were shown, in ex situ characterisations 
(Chapter 4), to be superior in performance than DABCO functionalised AAEMs. 
This improvement at low current density when using DABCO demonstrates the 
ability of the quaternised diamine to function as an adequate conducting agent within 
the fuel cell MEA. Low frequency arcs were not observed at 4 mA cm“  ^ in all MEAs, 
suggesting that mass transport limitations (electrode flooding) are insignificant at 
this overpotential. The MEAs S80A1 and S80B1 showed identical combined arc 
diameters at the low current density suggesting that the charge transfer resistance 
is the same. However, the high frequency rr-intercept of S80A1 is lower at 200 mA 
cm“  ^ than for S80B1 (decreased MEA area resistance), which resulted in improved 
peak power performance.
The high current density (200 mA cm“ )^ impedance spectra of all the MEAs 
decreased in scale, reflecting the increased driving force of the interfacial ORR [11] 
(lower charge transfer resistances). At this current density S80 and S80A MEAs
162
exhibit equivalent medium frequency arc diameters and high frequency x-intercepts 
resulting in almost equal charge transfer resistances and MEA area resistances; this is 
reflected in the practically identical fuel cell performances. All the MEAs exhibited 
low frequency arcs at 200 mA cm“ ,^ representing the mass transport diffusional 
effects on the electrodes limiting reactant concentration around the active catalyst 
sites. Despite high reactant stoichiometries and the use of pure O2, this effect will 
be a recurring issue.
5.2.2 Alternative DABCO-based Alkaline Ionomer (SIO N l. 1) 
Concept
MEAs containing the TMA and DABCO quaternised AAEMs (S80 and S80A MEAs, 
respectively) that were tested in a H2/O 2 fuel cell using SIONl alkaline ionomer 
(previous section. Fig. 5.1) were compared with MEAs fabricated using the same 
AAEMs, but with an alternative alkaline ionomer. The only alteration in electrode 
fabrication being the electrodes were submerged in aqueous DABCO (50%mass in D1 
water at 50°C) for 24 h (termed SIONl.1 in Fig. 5.5) instead of TMHDA treatment 
(as previously described). After subsequent washing with D1 water, ion-exchange was 
conducted by submersion in KOH (aq, 1 mol dm“ )^ as before to make the MEAs 
ready for testing.
When interpreting the all fuel cell related results, the assumption is made that 
any affect on performance will arise from the alternative alkaline ionomer (where the 
membrane and anode and cathode electrode structures are assumed consistent). The 
fuel cell performance plots for S80 and S80A MEAs fabricated with either SIONl or 
SIONl. 1 recorded from high current density to 0 0 V are displayed in Fig. 5.6. The 
peak power densities, OCV values, internal resistances and estimated Tafel slopes 
(from Fig. 5.7) are summarised in Table 5.2. The MEAs containing SIONl.1 show
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Figure 5.5: Schematic of SIONl. 1 alkaline ionomer.
a improved performance (reduced voltage losses at each current density) indicating 
that the DABCO mounted polymer within the catalyst layer (CL) increases the ionic 
continuity at the electrode-membrane interface. In corroboration to the data pre­
sented in Fig. 5.2, both S80 and S80A MEAs yield similar peak power densities and 
polarisation curves when using either the SIONl or SIONl.1 ionomer. Considering 
only the S80 MEAs for comparison of the ionomers only: SIONl resulted in a peak 
power density of 127 mW cm“  ^ increasing by about 70 mW cm“  ^ to 203 mW cm“  ^
with SIONl. 1, although interestingly a lower OCV of 1072 mV. This lower OCV may 
be due to the minor chemical differences between the DABCO cage structure in the 
ionomer and the TMA quaternary ammonium non-restricted (sterically free) group 
within the membrane. The polarisation curves also show the voltage at 300 mA 
cm“  ^ current density (within the ohmic loss region) increased by over 200 mV from 
415 mV to 677 mV. Similarly, using SIONl.1 in the S80A MEA increased the peak 
power density by about 70 mW cm“  ^ from 124 mW cm“  ^ to 193 mW cm~^. The use
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of the DABCO-based ionomer for the DABCO-based membrane increased the volt­
age again dramatically by over 200 mV at a current density 300 mA cm“  ^ from 411 
mV to 645 mV. These similarities demonstrate that TMA and DABCO quaternised 
AAEMs result in almost identical performances with the same membrane. This was 
again not expected, when considering the ex situ properties of the DABCO-based 
AAEM, as the DABCO-based ionomer should parallel the lower lEC and ionic con­
ductivity observed for the chemically similar AAEM. Others have researched the 
use of DABCO (and mixtures with triethylamine, TEA [1] and quinuclidine [12]) 
within alkaline ionomers and similarly observed improved performances compared 
with MEAs fabricated with no ionomer. It is clear the performance of AAEMFCs 
can be significantly increased by the optimisation of the alkaline ionomer; it is es­
sential that further development is undertaken to identify the optimum formulation 
and maximise H2/O 2 fuel cell performances.
MEAs containing SIONl. 1 achieved a maximum i of 300 mA cm“  ^during testing 
before a collapse in performance was observed; this limit is believed to be due to 
catastrophic mass transfer diffusional effects as the performance is recovered when 
returning to lower current density. This limit appears to be the point at which mass 
flooding of the electrodes occurs, resulting in the collapse in performance. Again, 
MEA optimisation is always required on the introduction of new materials.
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Figure 5.6: H2/O 2 fuel cell performance at 50°C with S80 and S80A MEAs us­
ing either SIONl or SIONl. 1 alkaline ionomer combinations. The top graph (open 
symbols) represent the Vceii vs. i polarisation curves and the bottom graph (filled 
symbols) represent the Pceii vs. i power curves, calculated from •
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Table 5.2: Summary of electrochemical data for the S80 and S80A MEAs with 
standard electrodes containing either SIONl or SIONl.1 alkaline ionomer.
MEA
Peak Power 
Density 
/  mW cm“^
OCV
/  mV
mV at 300 
mA^ /  mA
rb
/  0  cm^
S80-SION1 12A68 1086 415 0.55 ±  0.070
S80-SION1.1 203.10 1072 677 0.39 ±  0.020
S80A-SION1 124.32 1075 411 0.60 ±  0.063
S80A-SION1.1 193.50 1080 645 0.45 ±  0.039
^Obtained from Fig. 5.6 (po arisation curves).
^Means and SD (n =  23 for MEAs with SIONl. 1 and 27 for MEAs with SIONl)
from EIS data (Fig. 5.7).
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Figure 5.7: Area resistance plots versus log i for S80 and S80A MEAs with SIONl 
or SIONl. 1 alkaline ionomers. The symbols represent area resistance data measured 
using EIS during test.
The area resistance of both S80 and S80A MEAs is decreased slightly (Fig. 5.7) 
when using SIONl. 1 when compared with MEAs fabricated using SIONl. This 
decrease in resistance is attributed to the change in diamine constituent within the 
ionomer alone. The area resistance also remained relatively constant at all current 
densities (with only a slight decrease at higher current densities) indicating that
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there was no increased internal ohmic resistance contributing to the decrease in 
performance at the higher power densities.
Again all fuel cell test parameters are maintained, therefore any features related 
to loss mechanisms are associated with the change in ionomer composition and the 
any alternate consequent interactions with TMA and DABCO-based membranes 
only.
The Nyquist plots (Fig. 5.8) for alternative ionomer MEAs (SIONl or SIONl.1) 
held galvanostatically at 4 and 200 mA cm“  ^ are recorded below and above the 
currents where mass transport limitations (flooding of electrode) becomes manifest 
(in Fig. 5.7).
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Figure 5.8: Nyquist plots (from EIS) of S80 and S80A MEAs and SIONl or SIONl. 1 
alkaline ionomer under galvanostatic control at i =  4 (top) and 200 mA cm“  ^ (bot­
tom). 100 Hz is labelled.
All the MEAs exhibited two semicircles at low current density (4 mA cm“^), with 
the high frequency arc (appears as a shoulder to the larger medium frequency arc) 
occurring at a lower frequency than would be expected (100 Hz in Fig. 5.8). The
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high frequency shoulder appears more prominent with the S80A-SION1.1. The high 
frequency rr-intercept is similar in both S80 and S80A MEAs when using both SIONl 
or SIONl. 1, indicating similar ionic conductivities for the AAEMs and ionomers (as­
suming the contact resistances are the same). Both MEAs fabricated with SIONl. 1 
resulted in a decrease in the diameter of the medium frequency semicircle compared 
with MEAs fabricated using standard SIONl. This indicates that the charge transfer 
resistance is reduced when using the DABCO-based ionomer within the CL (possibly 
due to the utilisation of more catalyst). Low frequency arcs were not observed at 
4 mA cm  ^ in all the MEAs with either ionomers, suggesting tha t mass transport 
limitations (electrode flooding) does not occur at low overpotentials.
Previously, TMHDA (miscible in water [4]) was used to synthesise AAEMs to de­
termine any related characteristics with the TMHDA-based standard SIONl ionomer. 
Synthesis was achieved via submersion in aqueous TMHDA (50%mass in ethanol at 
70 C) for 48 h (instead of TMA in the standard synthetic method described in 
Chapter 2). The TMHDA quaternised AAEMs exhibited a hydrophobic nature (a 
low WU of 20%) and low ionic conductivity (2 - 4 mS cm“^). This hydrophobicity 
may be replicated within the CL allowing higher current densities to be achieved 
(380 mA cm~2) by reducing mass transport limitations caused by increased water 
concentration surrounding the active catalyst sites (this mainly occurs at the anode 
where water is electro-generated, as proposed by Zeng et al. [14]). The high current 
densities achieved using SIONl cannot be replicated with DABCO (water soluble
[10]) -based SIONl.1 despite the greater performance demonstrated at lower current 
density. The SIO N l.l MEAs achieved only a maximum current density of 300 mA 
cm  ^ before catastrophic loss of voltage. A hypothesis for this sudden performance 
loss is the increased concentration of water (due to the hydrophilic nature of the 
DABCO-based ionomer) limiting mass transport diffusional effects within the CL of 
the electrodes. Therefore, it is postulated that this effect maybe alleviated when
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using the more hydrophobic TMHDA-based ionomer at the anode or using thin­
ner AAEMs, which allow the back transport of water to the cathode. This again 
highlights the importance of water management throughout the MEA.
At higher current densities (200 mA cm“ )^ the impedance semicircle of all MEAs 
decreased in scale, reflecting the increased driving force of the interfacial ORR. The 
similarities observed in the MEAs fabricated using SIONl are not replicated when 
using SIO N l.l as the medium frequency arcs vary in size. The medium frequency 
semicircle diameter of the S80-SION1.1 MEA has a smaller diameter compared to the 
S80A-SION1.1 MEA, suggesting a lower charge transfer resistance when using TMA 
quaternised membrane rather than DABCO quaternised membrane and SIO N l.l 
ionomer. The high frequency a;-intercepts and area resistances are almost equal 
resulting in the practically identical fuel cell performances. At 200 mA cm“  ^ all 
the MEAs exhibited low frequency arcs, due to mass transport diffusion limitations 
(Warburg feature) at the electrodes (limiting the reactant concentration around the 
active catalyst sites). The low frequency arc in MEAs fabricated using SIO N l.l 
appears minimal, however, the total size of the impedance plot is reduced compared 
with the SIONl MEAs.
5.3 Summary
This section investigates the hydrogen fuel cell performance of MEAs fabricated using 
the novel RG-AAEMs characterised previously ex situ in Chapter 4. Additionally 
the analysis of new alkaline ionomer interface utilising DABCO diamine compared 
with TMHDA based SIONl was undertaken. The main conclusions from this chapter 
are:
1. The DABCO quaternised AAEM-based MEAs (S80A) gave equivalent power 
densities to standard TMA quaternised AAEM-based MEAs (S80) with the
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use of the same ionomer.
2. S80 and S80A MEAs (similar hydrated thicknesses) showed performances of 
120 mW cm“  ^with similar internal ohmic resistances when using the standard 
SIONl ionomer.
3. DMA functionalised AAEM-based MEAs (S80B) exhibited measurable no fuel 
cell performance due to high ionic resistance and hydrophobicity (low WU).
4. The iodomethane treated AAEM-based MEAs (S80A1 and S80B1) had poor 
fuel cell performance, reflecting the ex situ measured properties. Despite chem­
ical similarities between S80B1 and S80, the hydrophobic nature of the S80B1, 
reduces; water management, ionic conductivity and overall performance.
5. The use of SIO N l.l (a new DABCO-based ionomer) showed improved per­
formances of 200 mW cm“  ^ when using S80 AAEM and resulted in decreased 
MEA internal ohmic resistances (assumed to be a result of the ionomer alone).
6. SION l.l was found to give unstable performances at current densities above 
300 mA cm“ ,^ however, performance was recoverable when the current dis­
charge was decreased; this requires further investigation.
The improved hydrogen fuel cell performance and reduced ohmic resistance observed 
in DABCO-based ionomer (SIONl.l) demonstrates the necessity for further devel­
opment and optimisation of the alkaline ionomer interface.
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Chapter 6
Conclusions and Future work
6.1 Conclusions
The overarching aim of this study was to develop novel radiation-grafted alkaline 
anion-exchange membranes (RG-AAEMs) and alkaline ionomer interface for appli­
cation in H2/O 2 fuel cells.
Initial investigations determined the variations in the properties of standard 
trimethylamine (TMA) quaternised RG-AAEMs that were caused by changes in the 
synthetic parameters. Such variability in the properties is undesirable when com­
paring between membranes or when testing electrode architectures or new ionomer 
concepts (each AAEM itself must exhibit constant properties to enable any changes 
in performance to be attributed to the new electrode/ ionomer). The TMA quater­
nised RG-AAEMs synthesised using electron beam (EB) irradiated poly(ethylene- 
co-tetrafiuoroethylene) (ETFE) films could be cold stored at ca. -36°G for up to 
16 months and still exhibit adequate ex situ properties (verified statistically); ion- 
exchange capacities (lEC) in the range 1.0 -  1.8 mmol g“ ^and ionic conductivities 
(through plane, fully hydrated) in the range 20 -  40 mS cm“  ^ at room tempera­
ture could be obtained. Additionally, dilution of the vinylbenzyl chloride (VBG)
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monomer, used to make the AAEMs, had minimal effect on the final properties of 
the TMA quaternised AAEMs, indicating the potential for reducing the VBC con­
centration required in the AAEM synthesis (reducing costs and the amount of toxic 
waste).
The development of novel RG-AAEMs quaternised with the diamine 1,4 - di- 
azabicyclo[2.2.2]octane (DABCO) was investigated; DABCO has the potential to 
create chemical crosslinks, therefore improving the membrane’s mechanical stability. 
Additionally, monoquaternisation of DABGO would allow further reaction with halo- 
genated alkanes and hence alkylating the non-ion-exchanging tertiary amine (TA) 
group. This additional alkylation reaction would yield a second quaternary am­
monium (QA) group and increase the lEC of the resultant AAEM. This chemical 
alteration of the amine and ammonium functional groups will increase the potential 
to tailor the properties of the resultant AAEM and gain further understanding of 
the QA groups.
W ith the synthesis of DABCO-based AAEMs, which potentially could involve 
both QA and TA groups, the development of a new characterisation technique was 
required, (as the previously developed acid/base back titration method could not dif­
ferentiate accurately between the QA and TA contents). The development of the new 
titration method for the determination of the chemical composition of the functional 
amine groups proved successful (and was verified using ion chromatography and with 
dimethylamine quaternised membranes, which contain only TA groups). This new 
technique was also used for determining the chemical composition and chemical sta­
bility of the AAEMs produced in this study. This new titration combined with other 
characterisation methods found that both the TMA and DABGO-based AAEMs ex­
hibited; QA lEGs of 1.5 mmol g“  ^ and ionic conductivities (through plane, fully 
hydrated) in the range 20 -  40 niS cm“  ^ at room temperature. Ghemical stability at 
60°C in both water and aqueous KOH (1 mol dm“ )^ was observed for the 15 weeks
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tested.
The membrane electrode assemblies (MEAs) fabricated using both the TMA 
and DABCO-based AAEMs alongside standard a first generation alkaline ionomer 
(SIONl, V, V, #'-tetramethyI-l,6-hexanediamine, TMHDA-based ionomer) re­
sulted in H2/O 2 fuel cell performances of 120 mW cm“  ^ at 50°C. The peak power 
densities improved greatly when the MEAs were produced using the new SIONl.l 
ionomer (DABCO-based): 200 mW cm“  ^ and decreased MEA internal ohmic resis­
tances (determined using electrochemical impedance spectroscopy) were observed. 
However, the performance with SIO N l.l was found to be unstable when the current 
density was increased to more than 300 mA cm“ .^ It was hypothesised that the 
presence of the DABCO moiety within the catalyst layer (CL) increased the water 
concentration (fiooding the electrode) leading to severely limiting mass transport 
diffusional effects. The infiuence of the ionomer chemistry on the fuel cell perfor­
mance demonstrates the necessity for further development and optimisation of the 
DABCO-based alkaline ionomer interface.
6 . 2  Future work
The expansion of potential quaternising agents for the production of RG-AAEMs 
and novel alkaline ionomers was successfully demonstrated. It is clear that fur­
ther investigation is still required to achieve the development of commercially viable 
AAEMECs. It was shown in Chapter 5, that the development of high performance 
alkaline ionomer is essential in achieving improved fuel cell performance. The peak 
current density limit observed when using SIO N l.l requires swift investigation using 
the reference electrodes devised by Zeng et al. [8, 9] to ascertain the cause of this 
limitation (anode or cathode). Optimisation of SION l.l should include mixtures of 
hydrophilic and hydrophobic diamine constituents to assist in improving the water
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management within the CL of the electrode [5, 2]. This may be achieved with simple 
mixtures of TMHDA (as in SIONl, more hydrophobic) and DABCO. Additionally 
the control of the ionomer content should be investigated, as it may affect water diffu­
sion (related to humidification) within the CL [6], also the backbone structure of the 
ionomer should be investigated in conjunction with the functional head-group. The 
current backbone structure is Poly-VBC, alternative structural (e.g. non-aromatic) 
types may lead to greater water management or control.
The water control within the MEA is one of the key parameters, therefore the hu­
midification of the electrode should be studied and analysed in greater detail. Then 
the alternative head-groups, contents and backbones can be evaluated based on their 
effects on the humidification and performance within the MEA. Additionally the re­
lationship with the ionomer and membrane components at the TPB maybe evaluated 
in this way. Simple studies into hydro-properties of membranes and ionomers maybe 
conducted using droplet contact angle experiments [10]. More complex EIS tech­
niques and modelling could be used to determine the water management during fuel 
cell operation [3, 1]. This understanding will allow development of tailored ionomer 
MEA systems as the water management of the anode and cathode may vary for 
application.
A related investigation, would utilise the crosslinking ability of the diamines in or­
der to fabricate the CL directly onto the membrane. This previously reported concept 
of the catalyst coated membranes [7, 4] removes the need for a gas diffusion layer. 
This may be achieved due to the chemically similar nature of the DABCO-based 
AAEM and SIO N l.l (i.e. chemical bonds directly connects the alkaline ionomer in 
the electrodes and the AAEM).
The synthesis of DMA-based membrane and the corresponding méthylation demon­
strated the possibility of developing alkaline ionomers crosslinked directly to the 
membrane within the MEA. Complex chemical structures, such as, I-Me-I could be
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used after MEA fabrication to "activate” the functional groups throughout.
During the development of new alkaline ionomers techniques should be developed 
to determine the properties of the new ionomers. Poly-VBC can be cast and then 
functionalised to determine the lEC, conductivity, WU and EW. Knowing these 
properties will gain greater understanding of changes in performance when under 
operation. However, alterations in the ionomer backbone may not allow ex situ 
casting, therefore techniques will need to be developed to determine the properties 
within the electrode structure, almost in situ.
The temperature limits of the SIO Nl.l ionomer has not been evaluated, the in­
creasing the fuel cell operational temperature theoretically leads to superior perfor­
mance. The chemical stability of the prior SIONl ionomer limited the temperature 
at which the fuel cell could operate to below 60°C. Therefore, variation of the tem­
perature and reactant composition should be conducted to determine the sources of 
performance losses and gains within the MEA.
A more rigorous methodology is essential in order to determine the ionic conduc­
tivity of AAEMs that are purely in the hydroxide (0 H ~ )  anion form s; this would 
involve the scrupulous exclusion of carbon dioxide in every step of the method. This 
would also assist with the chemical stability tests in water: In this study CO2 was 
not rigorously excluded and so the AAEMs in water may convert quickly to the more 
stable carbonate/bicarbonate forms (hence the measurement of OH" stability is not 
being achieved).
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